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ABSTRACT

This manual gives design methods and presentc a summary of experimental test
data for four basic types of passive, dissipatlunless acoustic filters for
attenuating noise in liquid piping. Filters of the (1) side branch, (2) expansion
chamber, (3) combination, and (4) Quincke tube types are considered. Analytical
methods applicable to lumped parameter acousticul systems, transmission lines,
and combinations of these are developed. Several different filter performance
eriteria are defined. One of these, transmission loss, is adopted for comparing
filters independently of source and load characteristics. Chapters I and II

are devoted to introductory material--discussing the problem, covering certain
relevant fundamentals of acoustics, and specifying filter elements in acoustical
terms. Chapter III on filter design gives transmissicn loss curves versus
dimensionless frequency for several different filters of each of the four types.

For all types of filters except expansion chambers, infinities of transmission
loss are predicted at one or more discrete frequencies. Expansion chambers

show zeros of loss at harmonically related frequencies with regions of broadband
loss between. For side-branch filter elements there is defined a parameter q.

T. L. curves for side-branch filters with one element or multiple identical
elements Indicate increases in loss with increases in g, out retain their general
shape. For values of q above 10, increasing q by a factor of 10 results in
approximately 20 dB increases in loss. For a branch filter with two identical
elements and q = 100, loss of over 40 dB is indicated over almost all of the
band, 0.25 fo ErssTs fo, where fo is the resonant frequency of the branch

elements. The maximum values of transmission loss for expansion chamber filters
depend on a parameter m, the ratio of characteristic admittances of the chamber
and connecting pipes. Ten dB increases in m result in about 10 dB increases in
maximum transmission loss., Values of m of 3.16, 10, 31.6, and 100 for 4 single
chamber filter correspond to transmission loss maxima of 4, 1L, 24, and 34 db,
respectively. Combination filters show the broadband loss feature of expansion
chambers and also the infinities of side-branch filters for a particular rela-
tionship between resonant frequency fo of the branch element and the frequency

%t which the chamber length is a half wavelength, f This filter gives over

r
25 dB loss from 0.1 = f/fl = 1.3. Loss curves for Quincke tube filters have
repeating infinities at harmonically related frequencies which depend on the
sums and differences of two acoustic path lengths. Broadband characteristics
of Quincke tubes are not particularly attractive unless the tubes are larger
than connecting pipes.

Graphical aids for determining parameters for particular types of elements are
given, and worked examples illustrating the use of both the transmission loss
curves and the graphical alds are included in Chapter III. Chapter IV summarizes
results of acoustic filter tests. Data on one or more of each of the types of
filters covered in Chapter III are given for various conditions of water flow,
sound source character, and filter termination characteristics. Either output
and input sound pressures or the ratio of these is plotted versus frequency or
for frequency bands for each test. The acoustical circuit of the test filter
with parameter values specified is shown on all sheets of plotted test data.

Test results indicate many of the filter characteristics predicted by computation
with somewhat less spectacular actual attenuations than the corresponding
transmission losses.

1ii



PREFACE

This manual is intended for use as an aid in designing or selecting passive,
dissipationless, acoustic filters for attenuating noise in liquid-filled piping
systems. Four different types of filters are treated in it. They are (1) side-
branch filters, (2) expansion chamber filters, (3) combination side-branch and

exnansion chamber filters, and (4) Quincke tube filters.

The manual has five chapters. Introductory material of Chapter I includes
a brief historical sketch of the filter investigation program which preceded
the writing of this manual and some general remarks concerning noise in liquid-
filled piping systems. The second chapter, devoted to background material,
reviews relevant fundamentals of acoustics and discusses filter performance
criteria, mechanical forms of filter elements, and specification of filters in
acoustical terms. The portion of Chapter II devoted to acoustical fundamentals
can be skipped over by those readers who are already familiar with these aspects
of acoustics. It should be noted, however, that use of the adopted system of
units is also demonstrated in this section. Chapter III contains families of
transmission loss curves for a variety of filters of each basic type. These
curves reflect theoretical filter responses calculated on the basis of irregular
acoustic transmission line ideas explained in Chapter II. The curves are plotted
against dimensionless frequency scales. Chapter III also explains use of the
curves, gives additional graphical aids for determining or adjusting filter
parameters, and presents several worked examples of filter design problems.
Chapter IV gives a summary of measured filter performance characteristics. In
all cases the test filter is specified in terms of its acoustical parameters,
the noise source is characterized, and the filter termination 1s described as
completely as possible. Chapter V contains a few closing remarks concerning

applicability of the methods presented in the manual.

The authors hope that this material will be useful to designers concerned
with reduction of liquid-borne noise in piping, particularly those designing
shipboard systems.
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CHAPTER I: INTRODUCTION
A. BRIEF HISTORY

From May, 1955, to October, 1961, the U. S. Navy Bureau of Ships, Ship
Silencing Branch, sponsored a technical program at Defense Research Labora.-
tory (DRL), The University of Texas, in the design and development of passive
acoustic filters to attenuate noise in liquid-filled piping systems. The work
was performed under Contracts NObs-66932 and NObs-77033%. During the program
principal efforts were devoted to studying, designing, building, and testing
passive, nondissipative filters of types that appeared adaptable for shipboard

use.

Passive dissipationless filters of types that appeared promising on the
basis of such practical considerations as safety, cost, size, weight, and

acceptably low frictional flow resistance were treated.

Four types of filters were investigated both analytically and experimentally
in the course of the program. These were (1) side-branch filters, (2) expansion
chamber filters, (3) combination side-branch and expansion chamber filters, and
(4) Quincke tube filters.

Various analytical approaches to filter design were used. The well known
analogy--between linear acoustic, mechanical, and electrical systems--has been
used extensively. Many experimental filters were designed by devising acoustical
systems approximately analogous to lumped-parameter electrical filters. Refine-
ments and extension of this approach led to the adoption of acoustic transmission

line methods for specifying and analyzing filters.

Most of the experimental work was done in the Laboratory where developmenteal

filter models were built and tested in water-filled systems.

Two different field tests of filters were carried out. One series of tests
was made aboard the submarine USS GROUPER (AGSS-214) at New London, Connecticut,

in May and June, 1959. 1In these tests noise measurements were made inside the
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trim pump suction and discharge lines and overside near the boat before and
after installation of acoustic filters in both of the trim pump lines. The
filters used in the trim lines were of the side-branch type, and each filter
had three épring-piston branch elements. It was the purpose of these tests to
determine whether use ¢f filters 18 §hg §rin 3ines vould reduce overside noise,
Just noise inside the 34hed, OF Leth. The measurements verg made vith the Yot
at dockside with s\l susilisly asthifely except the trim pump secured. Ustag
the filters Sesuited §0 922AIF 10Nt AG(se Feduttions at $60E Qverside Rydrogheag
locatienge Hesults 8 agasureneats of @Moise imstde the trim 1ines vere 41703¢uld
to $alarpeaty Vecause during the test aif vas Pressat inside the systems

Aaather £icld test of ucoustic Filters saz eondutted abOard & fl0ating
ponteon Varge on Lake Travis mcar Austin, Texas, ir July, August, and $cpleme
bery 1363 3n these tests a threceselement, sidesbranch filter with mgtal
bellgus elemeats uad aR exPansion chamber Fitter with tvo, Live foot Yong €hamdieee
56 inghes wpart vere Individually tested it a pumping system aboard the tesd
barges $0lse Reasuremenits Wete made averside and in the pump lines vith aad
vithgud the filters 10 the gyatem. These testy are deseribed and the test sesults
prescated and discosced In 3 Cormal vepers fRef. 6)s.

Betatls of the analytical wd experinental vork perfomed wnder Cone ¢
tratts B0LaeCEP5 and HObae T84 are glven im progress reporte lsowed quarte?ly
duging the progras. These, atong vitk varions other sumnary sad techmical
veports covering partleutar phases and aspedts of the filter program, afe $isted
in Appendin €. Althouweh there reporis ¢lve a fairly conplete acequnt of the
teehnical vOrk periommed during the filter program, they d0 pot present the
infornation In w form comvenlent For use in solving (iltes desige predleng,

This maneal (1) gives an explanation of acsistical fundancataly ndst nportsat
in Citter amalysla, () deseribes certain basic Lypes of Fillers Shal appesl
promising @f e banin of practical considerations, {3) presemls Somilics of
curves intended o simplify greatly the determination of fi%tee proportions for

given ideal performance, and (4) summarizes results of laboratory performance

*References are listed in Appendix C.
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measurements made on experimental acoustic filters during the filter investi-

gation program at DRL.

In preparing this manual the attempt has been made to kefp in mind the
specip) aeedsg of naval architects who may use it. ' Terms more or less peculiar
28 Wie fickds @F acomsties ard gtousticgl engineering have not been uysed without
delinition, Engiucesing “.“8 bave ‘Gs. QYses, fesgths are expressed il inehes,
ettt In poundsy aM Sine I seandss A glecsry of 3Nel: o8 NG in
Sepeatin B
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B. GENERAL REMARKS CONCERNING NOISE IN LIQUID-FILLED PIPING SYSTEMS

For tactical reasons it is desirable for naval ships to be capable of
operating quietly. Considerable effort has been devoted te reducing the amount
of undesired sound, particule.rli maehinery noise, radiated inte suryounding
water by ships and submarines. Rqtating machise e®ements such a8 elegirie m.otor
and generator armatures are carefwhiy Salanged, and ¥ivpatien i3@la%isn meuntings
are extensively used. However, begalse &f the gavtefe of e ':'!ma'y gngtions
of certain auxi®iary machines it 3¢ difficstt t@ %:etate then ¥ibeationally and
acoustically §rom sugrounding st@estifee Tals 22 erur af 13getdehanilise guups
in particular, Pumps ean be suppagbed oy ewnventlopal videutlen $2a%:820n
mountings, but they mgst also be atta®hed t® hecegy Pplipesy OF 0P dté Sor
confining and comveyipg the pumped ®iquide The Bedwssunty uttuchnehts pfePede
both solid and ®iquid transmission @aths fo® nslses Ih 3 SOV w83 Keddan
pressure systems ffexible pipe eofplings o® hoses €8 be Bded t9 S1%P Q0md
transmission eharactesistics of the 01% &tPestuPey bt evens I he Peglble
coupling is effeeti%e in interruptifg the #olld pathy Rlse @un #:332 be Prop-
agated in the Yigai@d column, §t ise of @r$Pdee the 234:2d Borte 20d asPedt
of the piping moise problem that we Gigh €0 edlninate o feduse §P W& of agoustic
filters.

In operstion, liquidehandling pumps o®itwae?lp gegePules atlec &% Nlegal
different internal sources. Noise i the puwed 2'quls 2% & o iation of
contributions from all of them. Wnba®atced gotating eletetit? of P edoite
surrounding liquid directly and a®se app?P varyige 10ads %o spaet PPN
which in turn exeite the pump casimg. %he $ipwalig® ¢asif® gadiated 1 $ie
1iquid inside. Another source of meise iwm pumms oF ct3is ewf 9 Mal asso-
ciated with rapid passage of impeller venes or b®ades by ports iwm the oump
casing. 1In positive displacement pumps, valve action produces pressure pulsations
in the pumped liquid. Cavitation and turbulence, as well as bearing and drive-
motor noise, are common to pumps of many types. Construction details of the
types of liquid pumps described in Ref. 28 suggest the noise generating»@ech&nisms
that are probably significant for each type. Centrifugal pumps are extensively
used. Impeller blades and unbalanced rotors sre the most important contributors

to noise in liquids transferred by centrifugal pumps.

4
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Generation and distribution of noise in a pumping system is ordinarily very

complicated; a complete mathematical description of it is neither possible, nor
for present purposes, necessary. The noise source characteristics of liquid
pumps are often sufficiently described by the sound pressure amplitude-frequency
spectrum obtained from a representative sample of the noise and the overall
sound pressure level in the pumped liquid. Large amplitude components corre-
sponding to centrifugal pump rotational and blade frequencies are found in the

noise spectra of these pumps.

Noise in liquid media inside pump lines is also produced by pipe wall vibra-
tion, fluid turbuleice, and flow excited mechanical vibration. Pipe wall
vibration can be either a cause or a consequence of liquid-borne sound inside
pipe. Thus, it is possible for liquid-borne sound indirectly to excite structural
vibrations at points at which the containing pipe contacts or is supported by
structural members. Therefore, use of acoustic filters to confine noise inside
pump lines to the neighborhood of the source could be expected to reduce acoustic
pressure levels and pipe-excited structural vibration at a considerable distance

from the pump.

Since acoustic filters as herein considered affect only the liquid-borne
noise, it is convenient to consider a system model comprising a single localized
noise source, a sound transmission path, and an acoustic load. Figure 1(a)
shows a simplified sketch of a shipboard pumping system; some of the paths by
which sound from the pump may be transmitted to overside radiating surfaces
are indicated. Figure 1(b) shows a model of the system which results from
applying to the system the following simplifying assumptions:

(1) There is only one noise source.
(2) The noise source is localized.

(3) There is only one sound transmission path between the pump and
its surroundings ( the liquid path).

4) The sound transmission path is uniform.

(5) The one sound transmission path terminates in an acoustic load of
arbitrary character.

It is seen that these assumptions lead to an oversimplified representation

of a pumping system, but even with this chosen model performance of a completely

5
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specified filter in the system cannot be preclsely predicted. The transmission
line part of the system model is taken to be uniform, although the liquid-filled
pipe of the actual installation may include bends, elbows, and other irregu-
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CHAPTER II: BACKGROUND INFORMATION

A. SOME FUNDAMENTALS OF ACOQUSTICS

1. Introduction

Fundementally, sound waves are propagated, elastic disturbances of a
substance. The substance can be in solid, liquid, or gaseous state. The only
requirements are that the material must have mass and be able to store potential
energy of compression or deformation, i.e., be resilient. Plane sinusoidal
sound waves traveling in a homogeneous liquid or gas are in general partially
reflected and partially transmitted when they encounter the surface of an
obstac®e of different material, The interactions of a sound wave in one medium
vith an obstacle of a different material are governed in part by the size of
the obstacle in relation to the wavelength in the original medium. TIf the
largest dimension of the obstacle in the direction of propegation is much smaller
than a wavelength, then the obstacle can be characterized for purposes of deter-
mining its acoustical effects by specifying its so-called lumped acoustical
parameters. If on the other hand the largest dimension of the obstacle in the
direction of propagation is not small compared to a wavelength, then the obstacle
behaves like a length of transmission line with characteristics in general
different from those of the adjacent medium. It is appareant that since, for
a given material, wavelength is inversely proportional to frequency, an object
that is small in relation to a wavelength at one frequency is large compared

to a wavelength at some sufficiently high frequency.

In this manual, acoustic filters are regarded as irregular acoustic
transmission lines. The character of the line irregularities determines the
type of acoustic filter. The special character, number, and distribution of
irregularities determine the filter characteristics. In order to understand
the methods of analysis to be employed, it is necessary to be familiar with
certain fundamental.concepts and relationships applicable to acoustic transmission
line problems. In this section ideal lumped-parameter acoustical elements are
described and methods for calculating their parameter values are given. The

terms "analogous acoustic impedance" and "admittance" are defined; expressions
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for these quantities corresponding to combinations of ideal acoustical elements
are given in terms of the lumped acoustical parameters of the elements. Acoustic
transmission lines are described with particular reference to liquid-filled,
rigid-walled pipes. The notions of distributed acoustical parameters and ~harac-
teristic acoustic impedance and admittance are introducegd, impedance/admittance
transformation equations are given, and numerical examples illustrating appli-
cations of the equations to typical problems are shown.

These same ideas are common to passive linear systems generally; entirely .
analogous treatments can be glven for mechanical and electrical systems. These
analogies are not developed here, but electric circuit symbols are used to
represent analogous acoustical elements. These symbqls were adopted primarily

because their use tends to simplify sketching acoustical circuits.

2. Ideal Acoustical Elements

The idesl acoustical elements can be understood by considering the
response of‘a piston in a rigid wall to sinusoidal pressure variations in an
acoustic medium in contact with the piston face. Such a piston can be considered
subject to certain sets of restrictions on the friction, inertia, and elastic
forces applied to it so that it becomes an acoustic resistance, inertance, or
compliance depending upon the hypotheses. A piston of diameter 4 and area S
idealized according to sets of hypotheses corresponding to acoustic resistance,
inertance, and compliance is shown in Fig. 2. Static equilibrium between the

piston and acoustic medium is assumed.

First we consider the piston to be massless, but subject to a drag
force proportional to the first power of piston velocity through a proportionality
constant r. Under these conditions the piston would be an ideal, lumped-parameter,
acoustic resistor. Resi:ctance 1s represented in acoustical circuits by the same
graphical symbol ordinarily used for electrical resistance, a zig-zag line.
The acoustic resistance parameter is represented by the literal symbol R. For
the piston described, the numerical value of R can be calculated from the

relstionship

10
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R = 55 1b s;c )
S in.

Figure 2(&) is a sketch representing the piston; the acoustical circuit represen-
tation of resistance and the equation for calculating the velue of the parameter -

R are also shown.

Next we consider the case in which the piston is taken to be frictionless
and is attached to a weight of mass m, but is otherwise the same as before,
Fig. 2(b). In this case the piston would offer an acoustic inertance to sinus-
oidal pressure variations at its face. Inertance is represented in acoustical
circuits by the graphical symbol normally used to represent inductance in
electrical circuits. The literal symbol for the inertance parameter is L. The
value of L for this idealized piston, expressed in terms of the piston areas
and the attached mass m, is

m 1t sec2
L = - -——-—?;-
S” in.

Finally, we consider the case of Fig. 2(c¢), in which the piston is
massless and frictionless, but is subJect to an elastic restoring force
proportional to its displacement from some equilibrium position. Let the
proportionality constant, k, relate the restoring force to displacement. The
effect of the piston in this case would be that of an ideal, lumped-parameter,
acoustic compliance. Compliance is represented by the graphical symbol for
electrical capacitance. The compliance parameter is represented by the literal
symbol C. The value of C for the piston in terms of the area S and the constant

k is expressed

C = §3 in.5
k 1b

These idealized acoustical elements behave as lumped elements for waves
striking the piston face at normal incidence or for any angle of incidence so long
as A >>d, say A = 10 d or more, where A is wavelength and 4 is piston diameter.

12
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The ideal acoustical elements as given by these representations are not
physically realizable. In fact, it is not possible to construct passive devices
to offer pure acoustlc resistance, inertance, or compliance over a broad band
of frequencies. Physical elements, even in their linear behavior range always
have mass, have elther stiffness or compressibility, and produce energy losses
due to internal friction while being deformed. 1In particular physical arrange-
ments, however, certain ones of these characteristics may dominate. Physically
realizable devices to approximate ideal acoustical element behavior over limited

frequency ranges are possible.

It is of practical importance to consider the ways in which the ideal
elements €an be combined and their respomses t® sinus®ida® sound waves calculated
as funectioms eof frequency both singty amd i mombinationy %n this connection
ve introduce the concept of analogous acogstie® Impedaneeg A sinusoidal sound
pressure varlation of angular frequenq @ =3 amplligde ,max referred to an

arbitrary time reference can be expressea

p(t) = Pprax cosfwt + 09, % .

in which op is a phase angle referring p{t) to the chosen time reference. 1In

phasor notation this pressure is expressed

Prax eJ (®,) b

NE) in.°

P =

When such a pressure acts on an area S, there is in general an associated and
resultant motion of velocity v(t), of angular frequency w, and amplitude Voax

which can be written

in.

v(t) = Vnax cos{wt + Qv) "

’

vhere @ is the phase angle relating v(t) to the time reference. In phasor
notation this velocity is expressed

13
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Vmex 9,0 4
= sec

The area S moving at velocity V represents a flow which is said to have volume

_ b
velocity V = SV é%é— . Analogous acoustic impedance Z is defined as

the complex ratio of pressure P to volume velocity V;

Analogous acoustic admittance Y is the reciprocal of impedance. Thus

in.5
1b sec

<l
[
[T

We now consider the acoustic impedances of the ideal acoustical elements
of Fig. 2. In the case of the acoustic resistance, Fig. 2(a., a pressure P,
acting on the face of the piston of area S, exerts a force PS and produces a
velocity V. The dashpot plunger being moved at velocity V by the piston exerts

a force on the piston of magnitude #V. So we have

PS = rVv 1b

But, also

[
|5

sec '’
80

r_ 1b sec

5=k == .

PS 5

]
=
wi<)

v , or

<|rn
n

in.

Since the analogous acoustic impedance Z is defined as 'gf’ Z for this ideal
v
acoustic resistance is just the value of the resistance R.

14
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puasse—
Frm——

Similar reasoning applied to the ideal acoustic inertance, Fig. 2(b), gives

—

d
PS-md—EV 1o .

Differentiation of a phasor quantity with respect to time results in the quantity
multiplied by Jw.

d in,
EEV = Juv ——,
sec

So we have

PS = jumV v .

—

Replacing V by % gives

vy I BED DD D DR e

PS = Jum v v ,
S
80
l P m 1b sec
- — ez T
\'4 S in.

Thus the analogous acoustic impedance for this pure inertance is expressed

7 = er_rlé_ Wb s;c ,
S in.

or in terms of the value of the inertance L,

T AKSOMIRAR B peh & mr evpn o oo

15
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Finally we consider the compliance, Fig. 2(c). In this case, force of
the pressure at the piston face is equated to the product of the spring stiffness
k and the piston phasor displacement from equilibrium X.

PS = kX 1b
The displacement, however, is the time integral of velocity. Integration with

respect to time of a sinusoidal function of time gives iis phasor representation
divided by Jw.

v
X = 3—‘; in.
Then
kV R
PS = J_w b
v
But as before, V = g s°
ps = KV b, and —1:— = j—- k_E 1b sec s;c
J v ®s in.

So in terms of the compliance C the acoustic impedance Z is

Z=_2C_=:TCJ' B>_§§_c
J in.

Unless 1t is expressly stated to the contrary or implied by the context
to be otherwise, the term impedance should be taken to mean analogous acoustic
impedance as derived above. Adoption of this convention will avoid needless

repetition.

It is of interest to consider the calculation of impedance of acoustical
elements in combination. The elements can be arranged in serles, parailel, or

series-parallel combinations. If two or more of the elements of Fig. 2 are

16
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grouped together sidc by side in a wall within an area sufficiently small for
lumped parameter considerations to be valid, they are combined in parallel.

p——

For example, consider the calculation of the impedance of two acoustic resistances
1 Each

resistor is subjected to the same pressure, but impedance must be cal ulated

of areas Sl and 82 and proportionality constants r. and To Fig. 3{a).

o

on the basis of the total volume velocity, so V in the expression

- _ _ )
l z-E 25C grouave T 4V,-7
\') in.
l Since
i r :
zl - 2_ - Rl - 1 1b s;c and z E__ Rg - 2 1b s;c ,
' V:L Sl in. V2 S2 in.
l we have
- 3 - 3
I NtE s snd Toh e
1 2 ’
!
: but
Zl - Rl 1b s;c and 7 Rg 1b sec ,
in, in.5
s0
|
- > _ 3
vy = 11;_ ;:c and v }!;" o
l 1 o sec
o = = P P in.3
l Substituting V= (V. + V.) = [ — 4 = into the expression for Z,
- 1 2 R R sec
1l 2
17
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R, R
2=z E - gives 7 = = 1+ g 1b s;c .
VitV 1 * Ry g,

For more than two resistances, say n of them, combined in parallel

Z

1 1t sec
+ %— +

ves + %— in.5
2 n

T L
Rl
Applying similar reasoning it is easy to show that in general the impedance of

parallel combinations of ideal elements can be calculated by the formula

1 1b_sec
z = =

NIr—-‘

+ 1 + + L in
1 %2 2y

vhere Zn is the impedance of the nth element as already defined, irrespective

of which ¥inds and how many of the elements are combined.

Figure 3(b) shows an element representable by ideal acoustical elements,
an inertance L in series with a compliance C. Let the impedance of the inertance

be Zl,

2, = jw EE = juL lE_E%S ,
S in.

and let the impedance of the compliance be 22,

z, = :i% - 1b sec
wS ac 1n.5

Note that both of these impedances are frequency dependent. The ame volume

velocity is common to both elements. Equating the pressure for' : and the sum

of mechanical reaction forces

19
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Then

z=_§-=m_&_,m-3§ Lb_s_;z .
\' s usS in.

Thus for this series combination the total impedance is the sum of the impedances
of the ideal acoustical elements. It can be shown that in general if ideal
acoustical elements with impedances Zl, Zz, N Zn are combined in parallel,

the impedance of the combination is the reciprocal of the sum of the reciprocals
of the individual element impedances; if they are combined in series, the total
impedance is the sum of the element impedances. Impedances of serles-parallel
combinations can be found by using the rules already given to simplify the
acoustical circuit by methods of network reduction as suggested by the sequence

of acoustical circuit sketches of Fig. 3(c).

Examples

Fig. 4(a) shows three acoustical elements communicating to the inside of
a liquid-filled tube. Calculate the input impedance Z(w) of the combination

for the following set of values:

S = 20 in.? r = 0.40 ———lbisec
n.
2 -2 1b sec2
5, = 25 in. m=1.25x 10 L
) 2 ) b
S, = 30 in. k=300 1=

It is assumed that the walls of the tube are rigid; that the tube is much shorter
than the shortest wavelength of interest; and that the mass, compressibility,
and internal resistance of the liquid itself are negligible.

20
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First we calculate the values of the parameters R, L, and C by the

formulas

r 1b sec
R &8 = ——— ’ L =
SR2 in.5 SL2 in.5
2
Cc = Eg_ in.5
Tk 1b
R = 0.4 1073 1b sec
" koo ” in 2 ’
-2 2
L = 1.22 2510 = 2 x 10-5 1b se; ,
in.
0 in.
C=%6 "> o
Then the impedances of these elements are
=R = 10-5 1b sec
ZR 1n.5 ’
ZL = jal = Jw 2 X 1072 lE_E%E ,
in.
7 = = - -3 1b sac
C o " w(3) in.”

Since the elements are combined in parallel,

% 4 %o

1b sec

R A A A R

22

s
in.5

o 1b sec2

and
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) (1073) (jw) (2 x 107) (S‘%) 1b_sec
(10™%) (Ju) (2 x 107°) - (10™°) (%‘—Q + Jw(2 x 107°) (-;-ﬂ-) in.”

Z

——

(0.66) (1078 b sec

-3 5
(0.66) (107) + JQ»x 2 x 1078 . 233 X 10 ) In.

7 =

O

Note that there is some frequency @, for which the imaginary term in the denom-

inator of Z vanishes.

o] w

=3
[w x 2 x 1078 - {0 10 ]=o
[o}

-3 2

e NN GEE N B N e

(2) (1077) sec
w = 128.4 rad
) sec
L]
%, ®
' o _ l28.L

Thus at a frequency of f = 3% -8B - 20.4 cps, the given elements are in

L ve—y
e

parallel resonance and the impedance Z has the real value.

-8
7 - (0.66) (1077) _ 1072 1b sec

" (0.66) (1072) in.”

‘ Note that this is just the value of the impedance of the resistive branch of
L the acoustical circuit, At the resonant frequency, f = 20.4 cps, the impedance
magnitude is maximum; at other frequencies the impedance is of smaller magnitude

‘ and complex.

2. Calculate the impedance Z for the acoustical elements cf the foregoing

L

é example combined as shown in Fig. 4(b).

|

23
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‘ -3 1b sec
zR 10 -I;jg- ’
2, = Ju X 10 =,

7 = -J 1b sec .
C wX 3 in.5

Combining these impedances in series
2=Zp 2+
=1o'3+3<wx2x10'5-%22> .

Setting the imaginary part of Z equal to zero and solving for o, gives again

red

and f = 20.4 cps
sec

w = 128.4
o

This is the frequency at which the impedance oy the elements in series is real

and has minimum magnitude.

3. Lossless Acoustic Transmission Lines

a. Smooth, Infinite Line

i

The preceding discussion dealt with systems of lumped-parameter
acoustical elements. We now consider systems with distributed acoustical param-
eters. For these systems, acoustical ci cuits with only lumped-parameter
elements are not adequate representations. Both fluid columns and solid rods
behave as acoustic transmission lines if they are of sufficient length. Longi-
tudinal waves are propagated on any of these lines; torsion and bending waves,

however, are possible only in solids. Inasmuch as we are concerned with

24
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sound waves in liquid-filled pipes, transmission lines of the liquid column
type will be considered.

The following distributed parameters apply to acoustic transmission
lines generally:

(1) sSeries inertance per unit length,

(2) shunt compliance per unit length,

(3) sSeries resistance per unit length,

(4) Shunt conductance per unit length.

There is some dissipation in any actual line, but in many cases of
practical interest the losses are small and can be neglected. Analysis of
lossless lines is simpler than that of lines with dissipation. Since in most
cases the series resistance and shunt conductance per unit length for liquids
confined in metal pipes are sufficiently smal.: <o Justify the assumption of

losslessness, only lossless lines will be considered here.

Figure 5(a) shows a portion of a rigid-walled, liquid-filled tube.
The tube is thought of as extending to infinity on the right. At the left end
it is fitted with a piston which radiates sound of single frequency w into the
liquid. Sinusoidal sound waves moving toward the right are propagated in the
liquid column. Any volume element of the liquid has mass and is compressible.
The mass gives rise to a distributed series inertance and the compressibility
to a distributed shunt compliance. Figure 5(b) shows a representation of the
infinite line in which the series inertances and shunt compliances per unit
length of line are associated with lumped parameter elements. Such =z line
only approximates a smooth line. Figure 5(c) is the schematic representation
of the smooth line of Fig. 5(a).

If the normal section area of the liquid column of Fig S(a) is S,

and the mass density and compressibility of the liquid are respectively

2 2
1b sec and K

;ﬂ then the series inertance of the line per unit length
in.
is
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L =2 1b sec2 ,
S
in.
and the shunt compliance per unit length is
i
in.
C=5 T
Series impedance of a unit length of the line is
_ - ) 1b sec
Z-(O+,jaL)-(O+JwS) —3-1 ,
n.
and the shunt admittance per unit length is
Y= (0+ JaC) = (0 + JaBk)  maB—
1b sec

The characteristic acoustic impedance of the line is
7 = \ﬁ£i=\/i;= o 1Db sec .
© Y c -\/;;: in.5
The propagation constant is
y=a+ jp =Jo¥ = JodIC .
Then

g -(nJIC .

The velocity of wave propagation on the line v is then aJB, or

N S SN <Y
JEE r;;' sec
27
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Then, in terms of this velocity,

2 = o4 1lb sec
8 in.5 ]

It is important to notice that the same symbols have been used for
distributed and lumped inertance and compliance. However, this should not be

confusing since the correct interpretation will be clear from context.

b. Smooth, Finite Lines

Figure 6 shows liquid columns, each of length £, contained in uniform
diameter tubes. Three different acoustic terminations are represented. They
are

(1) Closed-end,

(2) oOpen-end,

(3) Impedance Z;.
Acoustical circuit representations are given for each case. The input analogous
impedances or admittances of these lines are expressible in terms of the line

parameters, the line geometry ¢r length, and the characteristics of the load.

Impedance at the input of the acoustic lines can be calculated in

the same way as for the analogous electrical lines.

The input impedance, Zi’ of any uniform lossless line of length I,
terminated in some impedance ZL is

7 =37 [ Lt Ke ~92P4
= ’
i o\ 1. Ke-JZBl

vhere B is the phase constant and K is the reflection coefficient.

-z
RN T o Al
B = v RoNvek T s K= zL + Zo )

Note that K is dimensionless and in general ocomplex.

28
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For a liquid column confined in a closed-end tube, Fig. 6(a), the
load impedance is infinite. No matter what the liquid pressure is at the closed
end of the tube, the volume velocity there is zero. Thus, the reflection
coefficient is of unity magnitude and zero argument.

K=1/0 rad .

Another extreme limiting cese is shown in Fig. 6(b). Here the end
of the tube 1is open so there is a free surface at the end of the liquid column.
The corresponding load impedance is zero and the reflection coefficient is
again of unit magnitude but the argument is x radians.

K=1/n rad

Figure 6(c) shows a general case; here the load impedance is taken

to be representable by an ideal acoustic resistance and compliance in series.
%'(R-Jﬁ) lbs;c.
in.

Then the reflectlion coefficient is

()

Now both the magnitude and angle of K depend on the frequency w.

Examples

1. Calculate the input impedance of 40 ft of water-filled, 3 in. 1i.d. pipe
terminated by a rigid plug. Assume the walls of the pipe are rigid.

Characteristic impedance can be calculated from the equation,

30
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1 1b gec
Z =3 ——
0 S'\/g in.5
Area: 8 = ({f) (52) = 7.06 in.2
=5 1b sec2
Mass Density: p = (9.35) (1077)
in.
-6 in 2
Compressibility: «k = (3.34) (10 ) 'Tt'
. - <1K> £9.35) (10'2)
° NV usu) (107°)
lb sec
Z =0.75 —_—
° in.”

The phase constant § can be found from the relation

B = wv pK

v (9.35) (107) (3.34) (1070)

i

rad

-10) = () (1.77) (10-5) in.

mJ(3.12) (10

il

To be conslistent with the length units in terms of which the phase constant
is expressed, the length of the pipe must be expressed in inches.

t = (40) (12) = 480 in.

Since K = eJo,

31
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g (L keI
°\1 - ke %!
Jet -Jge
e + e
ZO m = Zo coth jB!¢
e - e
=3 Zo cotpl .
-3(0.75) cot (w) (1.77) (1077) (4.8) (10°)
50.75) ot [ (8.50) (1073) (o) ] Ltee
in.
all frequencies the real part of the input impedance is

that no energy is dissipated in either the line or the

a line terminated as shown in Fig. 6(b). If the length,

characteristic impedance, and phase constant of the line are the same as in
Example 1, what is the input impedance Zi?

[
[

w
]

= 0.75

1b sec

b4
in.5

-5 rad
(L1 0N o T
480 in. , and

Jn

e .

32
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. 1+ :
" 2, =2
i 0 <1 J%l) (1 + e-JZB)
=3 1b sec
z, =32, tent = J(0.75) tan [(8.50) (1077) (w)] _1_11_5_ .

Again the imput impedance of the line is imaginary, so no energy is dissipated
in either the line or the load.

3. Consider the line and termination of Fig. 6(c). As in Examples 1 and
2, the lin:> is lossless and of finite length. The load, however, is such that
it can be represented by a complex acoustic impedance, that of an acoustic

resistance and compliance in series.

Let the length and characteristics of the line be the same as in
Examples 1 and 2.

Z =075
in.5

£ = 480 in. , and

(1.77) (107) (w) F2

w
"

Let the terminating acoustic resistance R be 1.0 lE.E%S ; let the

in,
acoustic compliance C be 0.16 in. 5/lb. Find the input impedance of the line

at a frequency of 10 cps.

The load impcdance ZL is the sum of the impedance ZR of the acoustic

resistance and the impedance ZC of the compliance.

33
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ZL-Z.R+ZC , Where

= -0 -
Zg =R+ 0 and Z; = 0 - &

1l -1 1lb sec
ZL-R-JE=(1.O-36.25(D ) —1;.—5-

Now the reflection coefficient X can be calculated.

K - &, "% _1.0-46.250" - 0.75

4, v 2 1.0- 3625wt +0.75

~l

g o 0:25 - J6.25 ot
1.75 - 36.25 ot

.

Note that the reflection coefficient is now frequency dependent and is not in

general of unity magnitude. At the given frequency of 10 cps, w = 62.8

K(62.8) = 222 - JO-1 _ 0.27¢799-38
1-75 - JO-l 1_75e'30-06

The input impedance at a frequency of 10 cps is then

1 + ke B! 1 + 0.154 eJ0-32 =128t

Z, =2 =0.75
1 - 0.154 ¢J0-32 ¢-1281

1 0 _ ke IB!

At 10 cps

BL = (1.77) (10™°) (62.8) (480) = 0.53  rad

3k

rad

sec
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So

-J1.38
~J1.58

1+ 0,154 e
1 -0.154 e

Z1 = Z0

1+ 0.029 - §0.151
0’75<1 T0.029 + J0. 151

0.7% "3(0:399) _ 6,795 17,40 .

In acoustical systems like those of the three previous examples the
division between line and load can be made at any point along the line. For
example, the division could have been made at a distance ll from the input end
of the line, Fig. 6(c). The load impedance on the line of length f, could be

1
calculated from

‘325(“‘1)]
- 1 + Ke
2, =% -JE‘B(l-ll)J ’
1l - Ke
I A
2, + 2,

Then the input impedance of the line Zi in terms of the impedance of this
differently chosen load and the shorter length of line is

where
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le - %,
1" zL + Zo *

1

K

Calculations of this kind can also be carried out for finding the input
admittance Yi of a finite lossless line terminated in a load admittance YL'
The appropriate formula is

_ ka-d2B2
Yi - Yo 1 Ke-3251>
1 + Ke

Yo + YL

K

c. Finite Line with Changes in ZO

For purposes of calculating the input impedance of acoustic
transmission lines, the division of the system into source and load can be
made arbitrarily. This suggests extension of the methods used for smooth
or uniform lines to nonuniform lines. The nonuniform lines of interest here
are those having abrupt changes of characteristic impedance, branch impedances,
or both.

Consider the line and load of Fig. 7(a). The line comprises three

sections of lengths ll’ L., and !, with characteristic impedances Zo » Zo s

2’ 3
1 2
and Zo » respectively. To find the input impedance Zi at the left end, first
3
calculate the impedance at the input to section 1, Zi s in the usual way.
1
-JaB, ¢
1 +Ke 17
2, =2 1-.1213!
1% 151

1 - Kle
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%, - 2,
1 w
SIS s Al T
0, 1 .
The wave velocity calculated according to the equation v = is the free
pK

field velocity and is inaependent of the pipe characteristics. Certain
refinements in the calculation of the wave velocity in liquids confined in
pipes, Appendix A, show that in actual cases the velocity depends on normal
area of the liquid column and the material and thickness of the pipe wall.

For the sake of generality then, v and B are given subscripts to indicate that

they may change from section to section on nonuniform lines.

Now that Z1 is known, it can be regarded as the load on section 2

1
of the line. Then Zi , the input impedance of the second section, can be
calculated. 2
-Ja2B,!
1l + Kee 22
Zi = Zo =% , where
2 2 22
1 - K.
2
z2, -2
i 0
1 2 w
2mg vz Bty
1 %

-Ja2g. !

1l + K3e 55
2, =2, =2
i i o -JeB, ! ’
3 3 1 - K.e 373
3
Z;E ] z° w

K5 = Zi T Zo , and 85 =5 -

2 3 5
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d. Finite Lines with Shunts

Figure 7(b) shows a line made up of three sections of lengths L,
12, and 15, each having the same characteristic impedance Zo. In addition

there are branches with purely reactive impedances ZB and ZB at the ends of
2

the center section. To calculate Zi for this line, first calculate the input

impedance Z, of a length of line I_ of characteristic impedance Zo loaded by

i 1
1
an impedance ZL' Then calculate Z; by parallel combination of Z, and Z
11 il Bl
~Jep. ¢t
1+K1e 11
Zil = Z0 '325111 , Where
1 - K,e
1
2. -2
L 0 w
K, = 5~—5— , 8and B, = =
1 ZL + Zo 1 v
Z, 2
20 - i1 Bl
i, 2, +12
1 il Bl

Continuing according to this same scheme,

where
1 -J2B ’
2 1 - K e 272

[
n

Zi -2
1 w
KE'Z_‘ Tz ,cndﬁg-;—
il o 2
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z, Z
, 153,
zi A .
2 i, + 2
2 32
And finally,
-J28, !
1+K5e 373
Zi = Zi = Zo 35,1 , where
3 1-K 373
3
Zig - 2, ®
Ky =gr +z > emd By =357
i, ) 3

These calculations would have teen simplified by carrying them out
in terms of admittance, because at the branch points the admittance Yi and

Y, combine by direct addition. n
n

e. Finite Lines with Shunts and Changes in ZO

For lines having both nonuniformities and branch impedances as
shown in Fig. 8, the input impedance can be found by combining the methods used
for the lines of Fig. 7. The relationships to be used are the same as those
for the line of Fig. 7(b) except that care must be taken to use values of
Zo peculiar to each section of the line.

n
With reference to Fig. 8 then, the impedance at the left end of

section 1 is found as follows:

-Jas, 1
1+ Kle 171
i 0 -328. 1 '
1 1 1 - Kle 171

Lo
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ZL-Z
w
K- Z+z, ' and B, = VI :
1
Z; 2q
72 - 171
i Z, +2 *
1 il B1
At the left end of section 2
-JEB
14+ 272
-J2B
l-K 22
2; -2,
e 2 L andp, =2
2 T + 2 ’ 2 v, °
i (o] 2
1l 2
Z, Z
g .22
i, 2, +2
2 12 B2
And at the input
=32, 1
1+ K3e 53
Bum By T Ry RESE
1l - K,e
3
z! -2
i
2 w
K} Zi T ,B.UdB5 g .
2 3

L2
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f. Branched Lines

Input admittances to branched lines, as shown in Fig. 9(a) are also
of interest. An expression for the input admittance at the first branch point
1, Fig. 9(a), can be derived by making use of the so-called admittance parameters
for the combination of branches between points 1 and 2. This admittance
expression will be in terms of the load admittance YL and the lengths and
characteristic admittances of the line A between the load and point 2 and both

of the branches B and C.

For two points of an acoustic system there are defined four

admittance parameters which characterize the system with respect to the chosen

points:
v - v .
= _ ; ) ;

11 P | P, = 0 12 P, P, = 0
v 7
2 2
Y = —— _ H and Y., = —

21 P | P, =0 22 P2 P, =0

Here V is volume velocity and P is sound pressure; subscripts on V and P refer
to points 1 and 2. The particular systems considered here are uniform and

bilateral; thus Yl = Y22, and Yl

1 2 = Yorr

First censider a section of liquid column acoustic transmission line
of length !, characteristic admittance Yo, and phase constant B, Fig. 9(b).
Designate the left end of this line as point 1 and the right end as point 2.

The parameter Y. . for this section of line is the ratio of volume velocity at

11
point 1 to sound pressure at point 1 under the imposed condition that sound
pressure at point 2 is zero. For the purpose of calculating Yll it can be
assumed that there is a free surface at point 2 of the liquid column. Recall

that the input impedance of a uniform, open-end line is

b3
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-jes!
Z, =2 l—tl-(e—_d—ga-; with K = -1
°\ 1 - Ke

Z, = Z, tenh JBL = JZ tanp!

or

Then

To find parameters Y21, consider incident and reflected waves on the line with
pressures P(+) and P(_) and volume velocities V(+) and V(_), respectively.
Equations for total pressure and volume velocity at a point on the line x

units of length from point 2 can be written

JBX + Ke'JBX )

’

P = P(+) (e

o N SR OB BN BN el et
v
(=]
|
]
NII—‘
i
Slé.
S <
w|o
L3
|
o
n
o

; = _ -3Bx . ~JBX
T V=v, (e Ke "JP¥)
At x = 0
P = P2 and V = 72
\ So,
|
: l Py = Py (1 + X) and v2=v(+) (1 - K)
;é
! -
‘ = Vo apx . -ipx
V = I -% (e - Ke ),

k5
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P= P(+) (eJBx + Ke-dax)

L te

=% (eJBx + Ké'dax)

2, -2
—)
Z2 + ZO

Substituting P2 =V Z, and K =

P in the expression for P gives

Vo 25
Z, -2
1+ 2 0

P= (eJﬁx + Ke-JBx)

)

22 + Zo
or

v
P= 52 (2, +2,) (e9PX 4 ke IBX)

Now recall the defining equation for Y

21

The condition P2 = 0 implies 22 = 0. Letting 22 = 0 in the derived expression
for P and letting x = I, the full length of the line between points 1 and 2,

gives

Pl
== Z0 sinh jB? = JZO sin g1 .
Vo
Finally,
Y = \ _ 1 -3 ¥,
—_— — = = ,
21 Pl P2 =0 J Zo sin g¢  sin B¢

L6
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and

P anma—
I u—

Yo=Yy -

We can now write the admittance parameters for two lines of different
lengths and characteristics connecting the same two points as lines B and C of
Fig. 9(c). The admittance parameters for this combination are the sums of the

corresponding parameters for the individual lines.

Y Y
g %

=Y .(B) +Y,.(C) = -3 + )
11 22 11 11 tanﬁBlB tanaclc

and

ey JEE N N e e

Yo Yo
B C

sinB 1y * sInB L,

o]
"
o]
|
[
o

12 = Yoy = Yp(B) + ¥ ,5(C) = -

e

Now equations expressing volume velocities at points 1 and 2 in terms of the

sound pressure at these points and the admittance parameters can be written:

<3
1]

1 =Y Bt P

2 =¥ B + ¥ Py

<3
1]

If it is assumed that the branched lines are terminated in an admittance Yi
as shown in Fig. 9(c), the volume velocity at 2 is 2

The negatlive sign 1s required because V2 as it has been used in the definition

- of admittance parameters is volume velocity into point 2; whereas, for calculating

the input admittance of the load at point 2, volume velocity into the load is

|
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used. Substituting this into the pair of volume velocity equations and trans-
posing the left-hand side of the second equation gives

V.

1= Yl P +Y

12 2 ’

0=Y

;P ¥ (Yo + Y12) Py -

Input admittance at point 1 is defined:

H
e

Solving for this ratio from the last pair of equations and expressing the product

2
Y12 Y21 as Y12 glves

In terms of the characteristics and lengths of individual branches B and C,

2

1 tanBBlB tanBC

Y +
0B > <sinﬁB B sinﬁc C

‘”‘SB B t‘”‘f’c c

Now the input admittance for the configuration of Fig. 9(a) can be written by
use of this expression and the rules for admittance transformation along trans-

mission lines as developed in previous paragraphs.

Lok -J2BAIA Yo - YL
Y =Y __:__E_Eag_?_ ; BA - 2 ; K = Z A T .
i o - v +
2 Al + Ke A"A A N L

48
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L =3%8p L, Y -Y
- e ] i
v -y ! L oa -l B T
17 oy —JQBD!D ’ D 2 ’ Ki B Yo + Yi )
1+ Kpe D 1

L, Wave Filtering Action of Irregular Lines

It can be seen in each of the transmission line cases considered except
that of the smooth, infinite line, the input impedance and admittance of the
line is frequency dependent. Thus, in general, for a given input sound pressure,
a line accepts acoustic energy selectively with respect to frequency. That
is, either improperly terminated or nonuniform lines exhibit acoustic filtering

action.

The magnitude of sound pressure that a given acoustic source produces
at the input to its load is governed by the strength of the source, its internal
impedance or admittance, and the input impedance or admittance of the load.
If the load on a source is provided by the input to & nonuniform, loaded trans-‘
mission line like those considered in this section, it can be argued that since
the line is without losses, all the acoustic energy accepted by the input
admittance of the line is dissipated in the load. Considering this problem
from the admittance standpoint, the source and load can be represented as shown
in Fig. 10(a). Here the strength of the source is 7;, a volume velocity, and
the source internal admittance is YS. A load on this source comprising a
loaded, nondissipative filter is applied at A. The input admittance Yi at A
can be found by whatever method is appropriate for the filter between A and B.
Then the simplified circuit, Fig. 10(b), can be considered; here the filter
and its load YL have been replaced by the input admittance Yi' The sound

pressure at point A can be written

But

k9
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<l
[

PY .

So

PY P
P =88 _ _ 5 )
A Ys + Yi 1+ Yi/YS

Then the sound power WL delivered to the load is

2

P
2 s
W, =P, Re(Y,) = <—7—l TYT, Re(Y,) .

Obviously this power cannot be calculated unless Ps and Ys are known and unless
Yi is known for the particular load YL on the filter. 1In cases of practical
interest these characteristics are not known. They are neither easy to calculate
nor simple to measure. Therefore, the power transmitted by a filter cannot be
found from a specification of the filter alone. That is, a given filter may
perform differently in different systems.
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B. FILTER PERFORMANCE CRITERTA

When designing filters it would be desirable to have a common basis for
comparing them. Analytical predictions of their performance capability in
particular systems would also be useful. Since such predictions cannot ordinarily
be made, a basis for comparing filters independently of source and load charac-
teristics must suffice. 1In comparing acoustic filters, it is natural to consider
using performance criteria analogous to those customarily applied to electric

wave filters.

Figure 11(a) shows a filter inserted between a source and load. The ratio
of the magnitudes of sound pressure at point o, the filter output port, to
sound pressure at point i, the filter input port, can be expressed in terms
of the input and load admittances. Since there cannot be losses in the line,
the power into point i must be the pow=r delivered to the load admittance Y

L
at point o. Expressed in equation form,

2
P, Re(YL)

H
B
o]
o
~~
<

1/2
P, | _ [Re (v,)
Re (Y£7
Although this ratio can be measured in an actual system, usually it cannot be

analytically predicted for a given filter because Y

L’ and hence Yi’ are not known.

Another pressure magnitude ratio is that of output pressure |P°| to
blocked source pressure IPSI. With reference to Fig. 11l(a) it can be noted
that the input pressure is applied across a parallel combination of admittances

Ys and Y Thus, in terms of volume velocity of the source,

T
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Substituting in the expression for the ratio of output to input pressure gives

1/2
|P°| Re Y,

- 1
|Psl - ZE Re YL
Y
8

This ratio cannot be calculated for the same reason that the output to input

sound pressure ratio cannot; YL is not known.

Another ratio of interest is one that gives an indication of the influence
on output pressure of replacing a smooth, uniform line between a source and its
load by a filter. If the pressure at the point o with a filter in the line is

Po and pressure at the same point without a filter is P° , then their ratio
f nf
can be expressed

|P°f| Y+ Yinf} Re (Yif)"’ 1/2

P =Y Y Re (Y, )
ronf| Is ifl inf_'

The subscripts f and nf refer to conditions with and without filter, respectively,
throughout. But, again Y. must be known, or neither Y nor Y can be found.

L if inf
In electric wave filter theory the concept corresponding to this ratio
P_|/|P is called insertion loss.
o 0
f nf

Lack of knowledge of YL prevents practical use of any of the ratios discussed
thus far. We seek a basis for filter comparison independent of YL. We assume
that a filter is placed in an infinite line which has characteristic admittance
Yo, Fig. 11(b). Sinusoidal sound waves incident at point i are in general
partially transmitted and partially reflected. Thus the total pressure at point

i 18 the sum of pressures of incident and reflected waves.
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The magnitude ratio of sound pressure at point o to incident wave sound pressure
at point i expressed in terms of admittances is

IP l Re (Y 1/2

This ratio can be calculated if details of the filter and characteristic
admittance Yo of the infinite line are known. If a filter for a specific
application is being considered, the liguid it is to contain and the size of

connecting pipes will likely be known. A reasonable choice for Yo of the

hypothetical infinite line is that of a coluTn Tf the liquid contained in the
P
connecting pipes. In this manual the ratio ng_T for the described conditions

1s used extensively. From it we define a filter transmission loss, abbreviated
T.L. It is expressed in declbels and defined,

lp,| e |

L.(dB) = -10 log,, T—;:T = -20 log,, T——-T

I, |
The ratio T——-T is less than or equal to one, so

T.L.(aB) 2 0

25
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The four sound pressure magnitude ratios that have been discussed are listed
below:

iX [Re (Yi)] 1/

(1) Output-input -
pressure ratio |P1| Re zYI)
1/2
(2) Output Bl [re ]
put-source = i
sound pressure IPSI . Y| |Re (Y)
ratio ¥y
8
Po. | [te + ¥y |[Re ;) 1/2
(3) Ratio of output s = s nf £
sound pressures Tponj Y, + Yif I Re lYinfS
with and without
filters
[Pol 2 Re (Yi). 1/2
(4) Output-incident 1" 7 ¥
sound pressure 1+ L+ 71 o
ratio Y
0
[P, |
T.L.(dB) = -20 log,, '[5';]’

The forms of these expressions are unchanged if the sound pressure ratios are

expressed in terms of impedances rather than admittances.
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C. MECHANICAL FORMS OF FILTER ELEMENTS

It has been seen that a liquid column confined inside a uniform pipe
constitutes a smooth, acoustic transmission line and that a nonuniform line in
general constitutes an acoustic filter. 1In this section, consideration is
given to the form and arrangement of mechanical elements that can be inserted
in a pipe-run or tee-connected into a system to render the lines nonuniform.
From the transmission line acoustical circuit viewpoint, lines can be made
nonuniform in many different ways. Those considered here are (1) shunting
admittances across the line at one or more points, (2) introducing abrupt
changes in characteristic admittance along the line, (3) shunting admittances
across the line and introducing abrupt changes in Yo’ and (4) dividing the

line into two branches.

In actual liquid lines, shunt admittances which differ considerably from
the admittance of an equivalent area of pipe wall can be introduced by
tee-connecting so-called side-branch elements into the system. Only branch
elements through which no net fluid flow is possible are of practical interest.
Resistive elements should not intentionally be used as part of a side-branch
element if the methods presented here are to be applied in the analysis of
the resultant filter; these methods are restricted to purely reactive filters.
There are two broad classes of side-branch elements: (1) those which behave
very nearly like an acoustic system made up of lumped parameter reactive
elements, and (2) those to which lossless transmission line acoustical circuit

representations apply.

Filters with lumped parameter side-branch elements have received considerably

more attention in the experimental program at Defense Research Laboratory than

those with distributed parameter branch elements.

Lumped parameter branch elements of interest are those that can be adequately

represented by an acoustic lnertance and compliance in series. Many different

mechanical assemblies can be used to approximate this series combination.

Those discussed here are (1) spring-piston assemblies, (2) disk spring assemblies,

(3) metal bellows, and (4) confined gases. Sketches of these are shown in
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Figs. 12 and 13. The acoustical circuit and sample calculations for approxi-
mating shunt admittances of these branch elements are also given.

In all cases, m is the effective mass of mechanical elements that move in
response to applied sound pressure, S is the effective area of the compliant
acoustical element, and k is the effective stiffness of the compliant element.

The spring-piston, side-branch element of Fig. 12(a) comprises a piston
exposed to the acoustic medium on one side and backed by a spring on the other.
It is sealed against leakage by flexible diaphragm seals. The spring-piston

assembly is housed in an enclosure suitable for adapting it to the system piping.
The piston, the medium in front of the piston, and part of the spring all
contribute to the effective mass m. If the space immediately in front of the

piston communicates to the main liquid column inside the flow line by narrow

passages or tubes, then there is an inertance contribution from such constrictions.

The effective stiffness k is that of the spring.

The disk spring assembly, Fig. 12(b) is an assembly of bellville spring
washers stacked in series, held together by formed metal ferrules, capped at
one end, and coated with rubber to form a liquid seal. The effective mass is
that of the cap and a part of that of the spring assembly. The mass of the
liquid which moves with the assembly is also a part of the total effective mass
and any tubes or constrictions present contribute to the total inertance. The
stiffness 1s that of the spring assembly. Bellville washers are nonlinear;
their stiffness decreases with deflection until they become flat. At one
deflection they may have zero stiffness. Thus, the compliance of a disk spring

branch element increases with system static pressure.

Metal bellows type branch elements are much like the ‘disk spring elements
except that a corrugated metal bellows is used for a compliant element. Because
of thelr complicated shape, metal bellows not carefully engineered to have
constant stiffness may be nonlinear and may show marked changes in stiffness

with changes in deflection.
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Other series resonant side-branch elements can be devised. Confined
volumes of gas (Fig. 13) can be used to provide compliance; the mass of some
of the acoustic medium in a branch tube will supply inertance.

Calculations appropriate for finding the shunt admittances of combinations
of various types of lumped parameter branch elements are given in detail in
Chapter III.

The only type of distributed-parameter, side-branch element that has been
investigaled experimentally in the filter work at DRL is the closed-end, liquid-
filled stub, Fig. l4. The shunt impedance for such an element can be calculated
by use of the transmission line equations used for finding the input admittance
of a smooth, finite line terminated bty an infinite impedance. Figure 1lki(a)
shows a straight stub tee-connected to the flow line and running perpendicular
to it. The stub can also be run along the pipe or can even be formed around
it, as in Fig. 14(b). Flow fairings of rubber or some similar material may

be used in stubs.

It is possible to intermix the types of branch elements used in a single
filter, but such filters will not be explicitly discussed here. However, the
analytical methods developed are sufficiently general to handle filters with
different types and any finite number of branch elements. It must be remembered
that actual filter elements depart considerably from the idealized cases
considered in deriving the equations for input admittance and transmission loss;
it is not recommended that the methods given be applied to filters with a
large number of elements. The calculations required for finding the transmission
loss as a function of frequency for filters become quite burdensome for compli-
cated configurations. Side-branch filters treated here have been limited to
three or fewer branch elements of the same type. The shunt admittances of the

elements of a single filter are not equal in all instances.

Nonuniformity on a transmission line can also be that due to abrupt changes
in characteristic admittance. Since Yo for a liquid column inside a pipe
depends on the normal area of the column, Yo = %;
or reduction in the line introduces a change in characteristic admittance.

, an abrupt enlargement

0]
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Enlargements of the pipe are considered more attractive than reductions, since
reductions increase flow resistance. .Such enlargements have come to be called
expansion chambers, although the term is somewhat misleading. BSudden enlarge-
ments in flow lines also increase flow resistance, but it is likely that
expansion chambers could be faired with bushings of solid rubber or some other
material without sefiously impairing their effectiveness as filter parts.
Figures 15(a) and (b) show, respectively, single and double expansion chambers
in a flow line. Figure 15(c) shows an expansion chamber with a bushing of
rubber or other suitable solid material to reduce turbulence. The material of
such a fairing should have the same specific acoustic impedance (ov) as the

liquid in the system.

Combination filters which make use of both shunt admittances and changes
in characteristic admittance are made by using both exp. 1lon chambers and
side -branch elements in the same line. The mechanical fo. :- of several different
combination filters are shown in Fig. 16. Figure 16(a) & .ws combination
filters with single, lumped parameter, side-branch elements; whereas Fig. 16(b)
shows a combination filter with two chambers and two closed-end stub, distributed
parameter, branch elements. The dotted lines indicate how the stubs can be

placed around the pipe between the chambers for compactness.

A physical counterpart of the branched acoustic transmission line is shown
in Fig. 17. Two tee-connections are made at separated points on a flow line,
and a second line of different acoustic length connects them. This configuration
is known as a Quincke tube, Fig. 17(a).

Faliring sleeves can be used with the Quincke tube since only one of the

two parallel lines is required for the steady flow of liquid. Figure 17(b)
shows a Quincke tube with fairing plugs at both tee-connections.
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D. SPECIFICATION OF FILTERS IN ACQUSTICAL TERMS

To calculate the transmission loss of a filter, one must have sufficient
information to be able to draw the transmission line acoustical circuit and specify
it fully in terms of numerical values. There may be a tendency for those experi-
enced in the mechanical design of piping systems to regard elements inserted in a
system as having input and output ports at their points of connection to the system
piping. It must be emphasized that acoustic filters may include some of the
riping. It is important, therefore, to specify carefully the points taken as the
input and output ports of a filter. Parts of the system between the nolse source
and the filter input port must be regarded as part of the source; similarly, parts
of the system beyond the filter output port are teken as part of the load.

Consider the side-branch filter of Fig. 18. Figure 18(a) shows a representa-
tion of the mechanical layout of the filter. The end points are specified, and
the distances between adjacent branch elements and filter ports are given.
Figure 18(b) is a sketch of the filter transmission line acoustical circuit with
the ideal acoustic element representation of each branch shown. Figure 18(c) shows
the transmission line acoustical circuit for the filter with branch elements repre-
sented by their shunt admittances. If numerical values of all the quantities
symbolized in Fig. 18(c) are known, the filter is completely specified; otherwise

it is not. Remember that the branch admittances are in general frequency dependent.

Similar data are given to specify an expansion chamber filter except that in
this case the characteristic admittance along the line changes, and localized
shunt admittances are not present. Figure 19(a) shows a generalized expansion
chamber filter, and Fig. 19(b) gives the appropriate acoustical circuit with the
information required to specify it completely.

Similar sketches are given for a combination filter in Fig. 20 and for a
Quincke tube filter in Fig. 21.

In all cases, the lengths, characteristic acoustic admittances, and wave
velocities of all pipes and chambers that are part of the filter must be specified.
If in addition the filter has side-branch elements, their admittances must also

be given.
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CHAPTER III: FILTER DESIGN

A. INTRODUCTION

The predicted transmission loss curves for several acoustic filters are
presented in this chapter. There are an infinite number of variations and
combinations of these filters, but curves for only a selected few were calculated.
They are the simpler configurations and probably the most practical. Wherever
possible, the relationships between frequencies, transmission loss, and physical
quantities are normalized so that the results can apply to many different
physical situations. The transmission loss of other configurations can be
calculated by using the expressions in Chapter II or the computer program
presented in Appendix B.

The first class of filter considered is the side-branch filter with resonant
elements that present an infinite shunt admittance at only one frequency. The
transmission loss for a single element filter does not depend on the position
of the element with respect to the noise source. But it does depend on a param-
eter, q, that relates the element compliance and resonant frequency to the

piping system characteristic admittance.

When two or three identical sections are cascaded, & greatly increased
transmission loss is predicted. Effectiveness now depends upon element spacing
as well as upon q. Transmission loss curves are presented for two- and three-
section side-branch filters. These filters provide wider attenuation bands
and characteristics that are well suited to noise sources with large single
frequency components at a fundamental and its harmonics. One side-branch element

is resonated at the fundamental and the others at one or two of the harmonics.

The second class of filter presented uses a side-tranch element that
resonates at several frequencies. This element is a closed-end tube that
resonates at frequencies for which its length is an odd multiple of a quarter
wavelength in the tube. If the length is made a quarter wavelength at the
fundamental frequency of a noise source, an Infinite transmission loss occurs

there and at odd harmonics. The effectiveness of such a filter does not depend
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on element placement, but the width of the attenuation band near each null
depends on the ratio of the characteristic admittance of the side-branch pipe
to that of the system piping. Many combinations of multiple sections are
again possible, but the response function for filters with many sections may
become confusingly complex. An example of the use of two closed tubes at the
same point is also given.

Expansion chambers comprise the third class of filters covered. These
filters provide broad attenuation bands with no infinities of transmission loss.
The maximum transmission loss depends on the ratio of the characteristic admit-
tance of the enlarged section to that of the system piping. For practical
piping this admittance ratio is very nearly equal to the ratio of cross sectional

areas.

The single section expansion chamber is simple to construct, but large size
is required for large transmission loss at low frequencies. Much larger trans-
mission losses are attainable with multiple sections; again, however, many
combinations are possible. Only two sections are considered here, but several

curves are required to indicate the effects of changing the various parameters.

Some of the advantages of the expansion chamber and the resonant side-branch
filter may be obtained by combining the two types. The lumped element side-
branch resonator combined with an expansion chamber produces a transmission loss
with an infinite value at the resonator frequency, but it may degrade the broad
band characteristic of the expansion chamber. A few of the possible arrangements

are presented.

A combination of the closed-end side-branch tube and the expsnsion chamber
can provide repeated infinities of transmission loss and retain the broad band
character of the expansion chamber. A special case of this combination is
called the re-entrant chamber; several variations of this type are presented.
The single and double re-entrant chamber filters are rather easily constructed

and provide attractive transmission loss characteristics.
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The final type of filter presented is the Quincke tube. This arrangement
of branched tubes has several transmission loss infinities that may be useful

for some narrow band noise sources.

Following the filter response curves several nomographs are included to
aid in the calculations necessary to acoustic filter design. The methods for
determining values of the compliance, inertance, and parameter q for the lumped-
element side-branch are presented. The characteristics of air-filled, side-branch
elements depend on pressure; this dependence is presented in graphical form.
Instructions for the calculation of wave velocity and characteristic admittance
for system piping are also given; in addition, methods are shown for the calcu-
lation of expansion chamber m and length, closed-end, side-branch q and length,
re-entrant chamber q and length, and Quincke tube pipe lengths.

Finally, example problems are presented to indicate the procedures used in
designing filters for particular applications. Since no unique solution exists
for a given noise source, several types of filters are considered for some of

the noise reduction problems.
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B. TRANSMISSION LOSS CURVES

It has been pointed out in Chapter II that of the many ways to characterize
acoustic filter performance the transmission loss is the best for comparing
one type of filter with others. Transmission loss is calculated for the filter
terminated in the characteristic admittance of the system piping; and it gives,
as a function of frequency, the reduction in noise level in dB produced by the
filter when used under these conditions. The transmission loss curves to follow,
then, give a good basis for comparing filters but not an accurate measure of

the noise reduction to expect in an actual installation.

Several factors may prevent the actual noise reduction for a particular
installation from being equal to the transmission loss. Terminating admittance
may differ widely from Yo and noise reduction may be enhanced at some frequencies
and degraded at others. The metal pipe structure may provide another path to
propagate noise past a filter. Flow noise in high volume systems can produce
noise in the filter itself. For these several reasons, attempts to achieve
very large transmission losses are not recommended. The filters included are
thus rather simple and do not promise large noise reductions except at some

very selected frequencies.

1. Lumped Element Side-Branch Filters

The first set of transmission loss curves (Fig. 22) are for a single
section, resonant, side-branch filter. The branch element can be any type that
provides a single admittance infinity at its resonant frequency. A very large
loss is predicted for that frequency. The response does not depend on location
of the side-branch element with respect to the nolse source. A quantity that
controls the bandwidth of the rejection band is a parameter, q, which is the
ratio of the admittance of the compliance at the resonant frequency to the
characteristic admittaence of the pipe on which the element is placed.

This type of filter is quite simple and is useful in providing a large
transmission loss at a single frequency. For large q it can also provide

good noise reduction over a wide bandwidth. For a given size pipe, which
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fixes Yo’ and a desired resonant frequency, fo’ the value of q depends directly
on compliance. In practice there are limits on compliance that will be discussed
later.

Greater transmission loss can be obtained by using two, identical,
lumped parameter, resonant, side-branch elements as shown in Fig. 23. It is
important that the two elements be separated by some length of pipe. If they
are placed at the same position, the filter is still a single section filter
with q increased by & factor of two. This predicts about 6 dB increase in
transmission loss, while the two section filter of Fig. 23 gives approximately

twice the transmission loss of the single section.

The curve shape has changed somewhat from that of the single section
filter and depends on the length of the intervening pipe. This dependence will
be discussed shortly. The overall noise reduction and bandwidth still depend
on the q of the side-branch elements. Because of the limitations mentioned
earlier it is unlikely that transmission losses of greater than 60-70 dB can
be attained in practical systems. The higher values of q seem unnecessary then;
however, they do result in filters with larger bandwidths than those obtained
for low q's.

A variation on the two-section filter that is useful in suppressing the
fundamental and second harmonic of a periodic noise source is shown in Fig. 2k.
Here the side-branch elements have identical values of q, but element No. 1 is
resonant at the noise source fundamental, while element No. 2 is resonant at
twice that frequency. The pipe length between elements is shorter than in
Fig. 23 to move the first loss-of-attenuation peak to a higher frequency. This
procedure gives less transmission loss at low frequencies, but a wider attenu-
ation band is obtained.

The effect of the ratio of the resonant frequency of element No. 2 to
that of No. 1 is shown in Fig. 25. Both side-branch elements have q = 100, but
the separation between elements is greater than that for the filter of Fig. 2k.

The greater length gives greater transmission loss below the resonant frequencies.
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The filter loses effectiveness near the frequency at which £ equals \/2, but

if £.. is above this frequency, an infinity does result.

02
The effect of the distance between elements on transmission loss for
a two-section side-branch filter with identical elements is shown in Fig. 26.
The resonant frequency of the side-branch elements with q = 100 is the same for
each curve, but the frequency axis is normalized to the frequency at which 1
equals A/2. This 1s done because the shapes of the normalized curves are so
nearly alike above f/f‘ = 1. The parameter l/lo is the ratio of the actual
length to the length that is A/2 at £,

As further explanation of these curves the following example is presented:

Consider a piping system in which the sound velocity is 4OOO fps, and
fo = 100 cps is desired. It 1s desired to obtain the response for l/lo = 0.5,

and the spacing between the elements, {, must be calculated. Since ’o = v/2fo
4000/2 x 100 = 20 ft, £ = 20 x 0.5 = 10 ft. These conditions make f, = folo/l
100/0.5 = 200 cps. The lowest frequency of 20 dB transmission loss is 0.072
times fl’ or fl = 0,072 X 200 = 14,4 cps. The first frequency at which the
transmission loss curve crosses 20 dB again is 0.97 times f!’ or f2 = 0,97 X 200 =
194 cps. The dimensionless frequencies 0.072 and 0.97 are taken from the

l/lo = 0.5 curve. It can be seen from the curve that other attenuation bands

exist at frequencies above f/fl = 1.

The curve for l/to = 1.0 appears to be most desirable. The use of this
condition 1is not recommended, however, unless precise means for adjusting fo
are provided. The lengths and resonant frequencies must be very accurately
produced to obtain the desired condition. If the cancellation is not complete,
a noise component near that frequency will pass through the filter with very
little loss.

Three identical sections are cascaded to produce the lumped parameter
side-branch filter shown in Fig. 27. The curve shapes are very much like those
for the two-section filters of Fig. 23. Greater transmission loss is predicted
here, but for practical filters it is doubtful that any improvement of a
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three-section over a two-section filter could be obtained without taking special
rains to prevent mechanical coupling and noise regeneration.

A three-section filter can be used to suppress the fundamental end the
second and third harmonics of a periodic source. Such an arrangement that also
provides a wide rejection band is shown in Fig. 28.

As in the case of the two-section filter, the response of the three-
section filter depends on element spacing. This dependence is shown in Fig. 29.
The same calculations can be made as for the two-section filter, and the same

precautions for the case of l/lo = 1 should be noted.

2. Closed-End Tube, Side-Branch Filters

The side-branch element consisting of a closed-end, liquid-filled tube
produces admittance infinities and thus infinities of transmission loss. These
infinities occur at frequencies at which the tube length is an odd multiple of
one-fourth wavelength. This repetitive nature is shown by the insert in Fig. 30.
The transmission loss curves have repeated rejection bands with the bandwidth
determined by a parameter, q'. This parameter is the ratic of the characteristic
admittance of the side-branch tube to that of the system piping. In most cases,
q' is approximately the ratio of the side-branch tube cross section area to

pipe section area.

The transmission loss curves are drawn accurately only for a range of
f/fo from zero to two. The frequency scale can be simply changed to cover any
higher ratio. Since the curves repeat, to go above f/fo = 2, the scale can
read 2, 3, 4, with the transmission loss infinity occurring at f/f° = 3. This
range is followed by 4, 5, 6, then 6, 7, 8, etc.

One of the many possible combinations of multiple, liquid-filled, side-

branch elements is presented in Fig. 31. The arrangement is still a single-section

filter, since both branches are at the same place on the pipe. The branch lengths
are chosen to suppress the fundamental and harmonics of a periodic source. The

longer branch tube is made one-quarter wavelength at the fundamental, fo' Its
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length, 1, is then

1

! = vl/h £, -

This tube removes the fundamental and the odd harmonics: 3, 5, 7, .... The
length of the second branch tube is chosen to be a quarter-wavelength at the
second harmonic of the noise source, 2f°. Its length is then

12 IV2/(ux2f°) »

and it eliminates the odd multiples of the second harmonic: 2, 6, 10, 14, ....
The resulting transmission loss curves have infinities at the fundamental and
all the harmonics except the 4th, 8th, 12th, etc.

A filter with improved broad band characteristics is obtained by
separating the two side-branch tubes used in Fig. 31. It can be seen from
Fig. 32 that transmission loss infinities occur at the same frequencies, dut

wide rejection bands are obtained for large q'.

3. Expansion Chamber Filters

Another simple filter configuration consists of an enlarged section of
pipe, or expansion chamber, as shown in Fig. 33. A broad band transmission
loss characteristic is produced with the magnitude related to a parameter, m.
This quantity is the ratio of the characteristic admittance of the enlarged
section to that of the rest of the piping in the system. The chosen values of
m are related by~fi3, vhich makes the maximum transmission loss increase by
10 @B from one curve to the next.

Filtering action of the expansion chamber results from reflections at
the ends of the chamber. This gives rise to the repetitive nature of the
curves. The maxima of transmission loss occur at frequencies for which the
chamber length is an odd multiple of a quarter wavelength, and the minima
occur at frequencies for which the chamber length is a multiple of a half
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vavelength. For convenience, the frequency scale is normalized to the frequency
at which the chamber is one~half wavelength long. If the maximum attenuation
is desired at some frequency fl, the length of the chamber that will produce
the desired result is

L = E%; (zn +1) , - n=0,12, ... .

The wave velocity in the chamber is v, and the shortest chamber with the widest
reJection band will be given by the value of £ for n = 0. The maximum trans-
mission loss for large m is then given by the following:

T.L. max = 20 log, (m) -6 aB , m 2 10

There are limitations on the size of m. The filter theory presented
here is based on plane wave propagation of sound in pipes. This is referred
to as the zero order propagation mode. There are other higher order modes
that will be propagated at higher frequencies. The higher order modes will
not be affected by the filter elements in the same way as the zero order mode
and the filter effectiveness may be nullified. With each higher order mode
there is a cutoff frequency below which it will not be propagated. The cutoff
frequencies depend on pipe diameter and in general decrease as pipe diameter
increases. Thus, in designing filter elements, particularly expansion chambers,
care must be taken to keep chamber sizes small enough to prevent the propagation
of higher order modes at frequencies in the desired noise reduction region.
These limits on size are given in Chapter III, C, 1, Sound Velocity in Pipes.

In the case represented by Fig. 33, and in the following discussion of
other expanaion chambers, the lengthe of chambers and connecting tubes are
acoustical lengths. Filter calculations are based on the ratio of physical
lengths to sound wavelength in the element. In the previous case, the chamber
length was made equal to A/4 at the frequency of interest. In the cases to be
considered next, length ratios will be considered, and equal sound velocities
will be assumed. When sound velocities differ, ratios of Al must be considered.

For example, the condition given as ll = 12 implies Blll = 5212, which leads
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to the relationsghip
/v, = 1L/,

Thus, to make two physical tube lengths, ‘l and 12, with different sound
velocities, vy and Vo have equal acoustical length,

t, =1t v2/v1

Two expansion chamber filters can be cascaded as in Fig. 34 to obtain
greater transmission loss than that obtained with one chamber. The maximum

transmission loss for this arrangement of two identical sections is given by

T.L. max = 40 log, . (m) -6 dB , mZ10
10

The shapes of the curves are modified from those of the single chamber to give

a reduced rejection bandwidth.

Again the maximum transmission loss occurs at the frequencies that
make the chamber odd quarter-wavelengths long, and zeros occur at frequencies
that make the chamber length multiples of k/2. The frequency is again normalized
to the frequency of the first multiple of A/2.

There are many physical dimensions of the two-section expansion chamber
filter that could be varied. Each of these may have profound effects on the
transmission loss curves. Several figures to follow will show the effects
of length of connecting tube, the length of chamber No. 1 with respect to
chamber No. 2, and of m for chamber No. 1 and connecting tube lengths different
from those of Fig. 3L.

Transmission loss curves are presented in Figs. 35, 36, and 37 for a
two-section expansion chamber filter with identical chambers. In these figures,
the ratlo of the connecting tube length, 12, to the chamber length, 15, is

varied from zero to 2.0. If a broad rejection band at low frequencies is

9l
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desired, it is evident from Fig. 36 that 12 should be between 0.5 and 1.0 times
£,. For values lower than this (Fig. 35), the transmission loss bandwidth and
magnitude are both reduced. For ratios greater than 1.0 the same effects are
noted (Fig. 37). Another observation that can be made is that the length, 12,

is not critical as long as it is approximately equal to the chamber length.

The improvement obtained over a single chamber by the addition of a
second chamber is shown in Figs. 38 and 39. Even for the case in which the
length of chamber No. 1 equals 0.1 of that of chamber No. 2, an increase in
transmission loss is obtained. For this case, the response above f/f[ =1 is
almost as good as two equal length chambers. The curves are so lacking in
symmetry that few general statements about the effects of the second chamber
can be made. It is evident from the curves, however, that the transmission
loss in the region of the maxima is increased and width of the rejection bands

is reduced by the addition of a second chamber.

The effect on transmission loss caused by changing m for two unequal
length chambers is shown in Figs. 40 and 41. 1In Fig. 40, the first chamber is
0.2 the length of the second chamber, and the connecting tube is the same length
as the second chamber. The frequency is normalized to the value that makes
chamber No. 2 a half-wavelength long. The maximum transmission loss is seen
to increase directly with 20 log, (m). 1In this case ihe rejection bandwidth

also increases with m.

Figure Ul shows a case with the first chamber half as long as the
second chamber and the connecting tube equal in length to the second chamber.
Here the rejection bands are somewhat wider, but the maxima of transmission

loss are a few dB less than for the equal length case shown in Fig. 3k.

The value of m was varied for a double expansion chamber filter with
a short connecting tube and the resulting transmission loss curves are plotted
in Fig. 42. The two chambers are equal in length, and the connecting tube is
0.1 the chamber length. The rejection bandwidths are narrower than for the
longer tube as shown in Fig. 34, but the transmission loss maxima increase
directly with 20 log, (m).

99
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4, Combination of Expansion Chamber and Lumped Side-Branch Element

The combination of an expansion chamber filter with a resonant side-
branch element can provide a transmission loss infinity as well as the broad
band characteristic of the expansion chamber. Figure 43 shows such a combination
with the chamber m = 10 and the side-branch element ¢ = 100. The side-branch
element can be placed on the pipe or the expansion chamber as long as it is
near the pipe-chamber Junction. The same transmission loss curve will result

if the branch element is on either end of the chamber.

With the resonant fregquency, fo’ within the first rejection band of
the chamber, the transmission loss is greatly increased. An undesirable spike

occurs except when f, is the frequency at which the chamber length equals A/h.

!
This condition for chamber length equal to x/h at fo is an advantageous one,
since the transmission loss and rejection bandwidth are both greatly increased;

however, it may be difficult to obtain and maintain in a physical system.

The effect of the value of m for the expansion chamber on the transmission
loss curves is shown in Fig. 4L4. The side-branch resonant frequency is 0.5 fl
and q = 100. It is seen that increasing m increases the transmission loss
maxima, but the width of the first rejection band is considerably reduced. If
most of the energy of the noise scurcc lies in the region of the first rejection
band, it would be advantageous to use a small m with the attendant saving in

space.

The importance of large q for the branch element is shown by Fig. 45.
The curves are computed for a chamber m = 10. The rejection bandwidth is
increased; the transmission loss in the first rejection band is increased

about 10 dB for each 10 dB increase in q.

Figures L4 and 45 consider only the case fo = 0.5 ft’ but it is expected
that variations of m and q will have similar effects on transmission loss for
other ratios of fo/fl' The undesirable spikes, as shown in Fig. 43, would

still be expected, however.
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5. Combination of Expansion Chamber and Closed-End Tube

When a closed-end, slde-branch tube is combined with an expansion
chamber, repeated rejection bands and repeated infinities of transmission loss
are expected. The curves are drawn for a chamber m = 10 and the side~branch
tube Q' = 1. The side-branch tube may be placed on either end of the chamber,
and it may communicate with the pipe or chamber as long as it is close to the

Junction of pipe and chamber.

As noted in the previous figures, the maxima of transmission loss for
an expansion chamber occur. at the frequency that mekes the chamber length odd
multiples of x/h, and the closed-end side-branch tube produces an infinity
when its length is also an odd multiple of k/h. As shown in Fig. 46, for

ll = 12, this condition produces an infinity at each transmission loss maximum.

When the side-branch length is half the chamber length, the infinities
of the closed tube coincide with odd numbered zeros of the chamber. This
condition is shown as the curve for ll/!2 = 0.5. The infinity prevails, but
the rest of the curve is little changed from the chamber alone. It will be

shown later that larger q' results in a greater change in chamber characteristics,

When the side-branch tube length is 1/5 the chamber length, the first
infinity occurs in the center of the second rejection band. The succeeding
infinities occur at odd multiples of this frequency. Thus, they will occur in
the center of the second, fifth, eighth, eleventh, etc., rejection bands.

The value of q' is varied for the case of equal chamber and side-branch
lengths, and the resulting transmission loss curves are presented in Fig. U47.
Some wide band improvement over the chamber alone is noted, and the transmission
loss infinity is present even for q' = 1. However, the characteristics do not
improve rapidly with q'. A filter of this type would be useful for attenuating
the fundamental and odd harmoniecs of a periodic noise source. This filter
would be undesirable for use with a source having strong, even harmonics since

they would pass through the filter without attenuation.
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The value of m for the expansion chamber has a more pronounced effect
on transmission loss than does q' for the side-branch tube. This dependence
is shown in Fig. 48 for the same length conditions as in Fig. 47. The loss
increases about 10 dB for each 10 4B increase in m.

A combination expansion chamber and closed-end tube filter, attractive
because of its physical configuration, is shown in Fig. 49. Here the side-
branch tube is placed coaxially about the pipe and the branch tube is just an
extension of the chamber. This arrangement is usually called a "re-entrant
tube expansion chamber filter." The length of the side-branch tube is determined
by the protrusion of the pipe into the enlarged section, and the rest of the
enlarged section is the chamber. When m is varied, as in this figure, the
value of q' also varles. When the wave velocity in all parts of the system is
the same, the values of m and q' are related as follows:

q' ' =m -1

The curves presented here are calculated for this condition with the tube

length equal to chamber length.

Figure 50 presents the condition for the tube length equal to half
the chamber length. Here the tube-produced infinity coincides with the chamber
zero. Infinities occur at odd multiples of the tube resonant frequency; for

large m, & fairly wide rejection band about these frequencies results.

Two sections of the re-entrant tube filters Just discussed are cascaded
in a special way to produce the double chamber re-entrant tube filters shown
in Figs. 51, 52, 53, and 54. Two chambers are butted together and joined by
a small connecting tube. The length of the closed-end, side-branch tube is
then half the length of the connecting pipe. The acoustical length of the
connecting pipe is modified by end effects. From the figures, the physical
length of the connecting pipe, 15, is 12 + ‘h' The acoustical length is then
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ty = & +0.848 ,

wrere S 1s the connecting pipe section aresa.

The filter in Fig. 51 1s referred to as an orifice plate type. Calcula-
tions for it were made for a connecting tube length of 0.845 . Any resonant
effect of a closed-end, side-branch of length 0.4J8 vas neglected since the
resonant frequency would be very high, and it is doubtful that it would be
observed in a physical system.

From the transmission loss curve it is noted that at low frequencies, the
response is very nearly that for a single expansion chamber (Fig. 33) of length
ll + 12. At high frequencies, the response approaches the response of a two-
section filter with short connecting tube (Fig. 35). Here, and in curves to follow,
frequency is normalized to the half-wavelength frequency fl = %7 for one chamber.
The case for a closed-end tube length of 1/3 the chamber length is shown
in Fig. 52. A marked improvement over the single chamber of Fig. 47 is noted.
Transmission loss infinities are produced along with wide rejection bands centered

on these frequencies.

The double chamber re-entrant tube filter of Fig. 53 has a closed-end
tube length of 1/2 the chamber length. This transmission loss characteristic
is almost identical in shape to the single chamber filter of Fig. 50. In fact,
the curve for m = 100 in Fig. 50 is almost identical to that of Fig. 53 which
is drawn for m = 10. This gives the designer the choice of using the single
section of Fig. 50 with a chamber diameter about 10 times the pipe diameter,
or using the double chamber of Fig. 53 with about three times the pipe diameter
but twice the length of the single chamber.

The double chamber re-entrant tube filter with the closed tube length
equal to the chamber length is shown in Fig. 54. The curves are similar to
those of the single section case of Fig. 49, but the rejection band transmission
loss is approximately doubled here. The case for m = 3.16 is of some interest

since it gives about 20 dB noise reduction as well as the repeated infinities.
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This value of m implies a chamber diameter of only 1.78 times the piping diameter.
Although it would be twice as long as a single section filter to provide the same
general characteristics, it would be much smaller in diameter than the single

chamber.

6. Quincke Tube Filter

The Quincke tube is a filter that can be made from standard piping system

Hnon '

components. Only "tees," "els," and straight lengths of pipe are required. As
shown in Fig. 55, the filter consists of two parallel paths of unequal length. The
filter does not have any broad band characteristic when the pipes of the filter are
the same size as the rest of the system piping. It does have transmission loss
infinities which depend on the sum and difference of the pipe lengths. It has the
ability to produce an infinity at harmonically related frequencies. Thus, the
Quincke tube filter can be used to suppress the fundamental and all the harmonics

of a periodic noise source.

The frequencies of the harmonically related infinities are determined by
the sum of the tube lengths, and they occur when the sum of the lengths is any
multiple of a wavelength. If, however, the difference of the pipe lengths is any
multiple of a wavelength at the same frequency as one of the above infinities,

the infinity is nullified and a zero is produced as in Fig. 56.

Independent infinities are produced at frequencies that make the length
difference an odd multiple of a half-wavelength. 1In Fig. 55 the first infinity
produced by the length differences, is 1.345 times fll’ the first infinity
= 1.5 fll' This nullifies the infi-

T202
produced by the length sum. 1In Fig. 56, f

nities at f/fll =3 6,9, ..

20

The Quincke tube produces infinitles by virtue of phase cancellation of
acoustic waves traveling different path lengths. If the pipes for the two paths
do not have identical characteristic admittances, complete cancellation will not

occur and finite transmission loss maxima will occur instead of infinities.
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C. CALCULATION OF FILTER PARAMETERS

In order to be able to use the transmission loss curves just presented, in
the design of acoustic filters, several acoustical quentities must be calculated
from physical quantities of the piping system. The acoustical terms required
for a particular filter must also be reduced to physical elements. This section

will provide instruction and aids to these several computations.

1. Sound Velocity in Pipes

The velocity of sound waves in a liquid of infinite extent is determined
by the liquid compressibility, «, and its mass density, o: '

Liquid confined in a pipe will not propagate sound waves at this same velocity
because of the mass and compliance of the pipe walls. The pipe wall material
and thickness, and pipe inside diameter determine the mass and compliance.

The resulting sound wave velocity can be calculated for particular liquids in
particular pipes. This has been done for several liquids in several kinds of
pipe, and the velocity has been plotted versus pipe diameter. Families of
these curves with wall thickness as a parameter are presented in Appendix

A (Figs. A-3 through A-17).

To determine the sound wave velocity in the liquid in a piping system,
the curve for the liquid and pipe material should be located. Enter the curves
at the pipe inside diameter and read the value of velocity in ft/sec from the
curve for the pipe wall thickness. If the actual wall thickness falls between
the values for which curves are drawn, linear interpolation will give adequate

accuracy. The procedure to follow is given in an example:

Find the sound wave velocity in sea water contained in 3" brass tubing.
The nominsl outside diameter is 3" and the nominal wall thickness is 0.148".

124



peeed PR GEE GBS bend ey

e 5

PO
§ — 1

pnsd et e

September 1962
ELH:vh

The inside diameter is then

i.d4. = 3 - 2 x 0.148 = 2,704 in.

The curves (Fig. A-7) are entered at 1.d. = 2.7", but the thickness lies between
1/8" and 3/16". The velocity can be determined by reading the values for
thicknesses of 1/8" and 3/16" and performing the following calculations:

v(0.148) = v(1/8) + [v(3/16) - v(1/8)] x 3;%%_51?

vhere @ is wall thickness in inches. This becomes
v(0.148) = 4200 + (4400 - 4200) x 8'8225 - 4otk fps

It has been mentioned previously that the propagation of higher order
propagation modes should be prevented. This requirement places a limitation
on piping or chamber diameter. The cutoff frequencies below which these modes

will not propagate are given by

Yo
fn =T %m

vhere Vo is the wave velocity in an infinite medium, 4 is inside pipe diameter,
and th is a quantity with a different value for each mode. Various values are

given below:

Values of
—_—

m/n 0 1 2
0 0 1.22 2.23
0.586 1.697 -
0.972 ~-ee-
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The cutoff frequency of greatest concern is the lowest one. This will
be given by the smallest value of oﬁn’ 0.586; all other values not shown are
larger. The limits on pipe diameter can then be written in terms of the
smallest value of Ohn and the highest frequency at which noise reduction is

required. The maximum inside pipe dilameter is then

Aoy = 0.586 vo/fmax s

where d is in inches if v_ is in inches/sec.
max 0

For brass pipe in a sea water system and an upper frequency of interest

equal to 1 k¢, the maximum pipe inner diameter is found as follows:

The value of Vo is found on Fig. A-T7 in Appendix A as 5030 fps. The

maximum i.d. is then

4 ax = 0.586 x 5030 x 12/1000 = 35.5 in.

2. Characteristic Admittance of Pipes

The ratio of volume velocity to sound pressure in a sound wave traveling
in the liquid in a pipe is the characteristic admittance of the pipe. This
quantity, Yo’ is necessary for many calculations in acoustic filter design.

In common pipe and liquids there is very little absorption of acoustic energy
at the frequencies of interest here. 1In this case Yo is a real number that

is given by

Y = S_ in.5
o pv 1b sec ’

vhere S is pipe inside cross section area, p is the liquid density, and v is

the wave velocity as found above. An aid to finding pv is found on the velocity
of sound curves in Appendix A. A constant (12 times the liquid density) is
given; the velocity in ft/sec is multiplied by this constant to give pv. The

inside section area in square inches is divided by this number to obtain Yo in
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in >
iﬁ?ﬁﬁﬁ; . An alternative to the calculations Just suggested 1s to use the

nomograph of Fig. 57. With the nomograph, Yo can be found by entering the
graph with the value of pv that was Just found and reading the value of Yo
where the vertical pv line intersects the particular inside diameter line.
The procedure can be demonstrated by considering the 3" brass tubing of the
previous section. The velocity was found to be 4274 fps. This value is
multiplied by the number 1,15 X 10"3 as given in Fig. A-7, Appendix A. This

gives

lb sec

ov = 1.15 X 1070 x k27h = k.92 :

in.

Entering Fig. 57 with this value and reading Yo for an Inside diameter of

2.7" gives
5
in.
¥, =12 1b sec
in.5
This can be compared with the calculated value of 1,195 5 sec

3. Side-Branch Elements

Two types of side-branch elements are used in the acoustic filters
described here. One type consists of one of several kinds of lumped-element
resonators, and the other is simply a closed-end tube. There are several

properties of these elements based on their physical characteristics that are

important to acoustic filter effectiveness. The calculation of these quantities

will be presented here.

a. Compliance

The lumped side-branch element consists of a compliant element
that communicates with the liquid in the piping system. An element such as

this may consist of a sealed piston or membrane that is backed by a spring as
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shown in Fig. 58(a). The spring may be the usual helical type or any other
that has a known force-deflection characteristic. An entrapped gas volume may
provide a compliance in parallel with the spring. A bellows with sealed ends
may provide the compliance as well as the liquid seal. Because of the mass
inherent in all these elements, they will resonate at some frequency. This
effect can be advantageously used and it will be discussed later.

For the simple spring-piston arrangement of Fig. 58, the acoustical

property, compliance, is simply related to the mechanical stiffness of the spring:

in.
1b ’

where S is the piston area in sq in. and k is the spring stiffness in 1b/in..
As an aid to computation, a nomograph of this equation is given in Fig. 59.
For a known stiffness and piston diameter, the compliance can be read from the
vertical scale. The curves may be entered with any two of the variables to
find the third. The compliance can be found as above. For a known diameter
and a desired compliance, the required spring stiffness may be found. For a

given spring and desired compliance, the required area may be found.

A parallel combination of springs such as that shown in Fig. 58(b)
may be used to obtain the required stiffness. A bellows that has a small
stiffness may be used for the liquid seal then backed by a spring to obtain
the required stiffness. 1In either case, the stiffness of the combination is

as follows:

=
]

=
+
P

Then the compliance becomes
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For the bellows the effective area must be used. This is somewhat less than
that calculated from the outside diameter of the bellows. Effective dlameter
or area information is usually supplied by the bellows manufacturer.

When a spring-piston or bellows is sealed or pressure compensated
on the side away from the liquid, as in Fig. 58(c), the gas volume presents a
stiffness in parallel with the spring or bellows. The compliance of such a

gas volume is

c =L
P
S2
which gives a stiffness of k2 = Z%—— where 7y 1s the ratio of specific heats

for the gas, p is the gas pressure, and U is the gas volume. The compliance

of the combination is then

Pressure compensation may be desired or even necessary in some
situations. When there is a pressure differential across a compliant element,
there will be a static deflection of the piston face. As later discussion
will show, the static deflection will allow an increase of liquid mass on the
piston which changes the characteristics of the element. The displacement
will be

where Ap is the difference in the liquid pressure and the pressure back of
the piston or bellows. For any combination of springs the effective stiffness
may be found from Fig. 59 if the total compliance has been determined.
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Fig. 58(d) shows a compliant element consisting of an entrapped
gas volume. The compliance of the element is then

c =L
7P

vhere p is the system pressure.

When more than one compliant element is placed on the pipe at the

same place as in Fig. 58(e), the total compliance is the sum of each compliance:

Sle 522
C, =C, +C,_ = — + —
vt 12 TR Tk

This is derived on the basis that the two elements are acoustically in parallel
and their admittances add. Thus, the admittance shunting the pipe at that
point is

b. Inertance

The pistons or bellows that seal the compliant elements just discussed
have some mass. This mass glves rise to an acoustical inertance. Such an

element is shown in Fig. 60(a). The inertance is given by

W 1b sec2

L = s
Sgg >

mml =]

in.

vhere S 1s the piston area, and m is its mass which is also its weight W divided

by the acceleration due to gravity. Here area is in square inches, W is in
in.

pounds, and g is 386.4 An aid to computation is provided by the nomo-

sec
graph of Fig. 61. The curve may be entered with any two of the quantities (weight,

piston diameter, and inertance), and the third can then be found.
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For the physical arrangement of the side-br
backed by a spring that also has mass. The total welgh
inertance is then the piston weight plus 1/5 the spring
of the spring weight is its effective vibrating weight.

The two elements here, spring and mass, hav
and divide the force caused by the acoustlc pressure.

and the acoustic impedances add. The impedance is then

1 1b sec
ZS = Jal + EZE- —;;—3— ,

and the admittance shunting the pipe is then

1 in.5
s 1 1b sec
Jod + ol

The bellows that is provided with a cap to

September 1962
ELH:vh

anch elements, the mass is
t required to compute
veight. This fraction

e a common volume velocity

Thus, they are in series,

seal it, as in Fig 60(b),

is completely analogous to the spring-piston of Fig. 60(a). The inertance is

calculated in the same way by using the effective area
welight of the cap plus l/j the bellows weight.

of the bellows and the

As shown in Fig. 60(c), when the end of the bellows or piston is re-

cessed a distance away from the pipe by placement or by compression of the spring by

liquid pressure, a mass of liquid is added to the pliston mass. The inertance

of the liquid is

o
L o BX_wx 1b sec”
1 8 Se in.5

The weight of the liquid per cubic inch is w, x is in inches, S is the piston

or bellows effective area in square inches, and g is 386.4

in. The

sec

inertance of the piston is in series with the inertance of the ligquid, and
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the total value is

L =L+g_)£ l‘bsec2
t 82g Se in.5

The inertance in the side-branch element may consist of liquid mass
only as in Fig. 60(d). If the side-branch pipe was air- or gas-filled at some
pressure p (say atmospheric pressure) before the addition of the liquid, then
after the system is liquid-filled to some pressure p the distance x would become

f P
x =1 <E - —%) in. ,
s p

where ls is in inches and the pressures are psia. If the gas volume is
regulated, the value of x may be determined by the regulator. 1In cither case
the inertance is given by

The gas volume is then

U = (ls -x)s ,

and the compliance can be calculated as shown above.

The inertance produced by a side-branch element can be greatly in-

creased by the addition of an inertance tube as in Fig. 60(e). This tube inertance
can be expressed

L=op ig - v fg_ 1b sec2
Sp 58 in.”
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The effective length le is given by

le = 1 + O.SJSl in. ,

vhere ! is the physical length and the second term is an end effect that results
from the moving liquid beyond the ends of the tube. The inertance presented
by the combination of the tube and piston mass is then

o]
[e 1b sec”

t 2 5.8 in.”

The inertance that can be obtained by such a tube is limited by trans-
mission line effects. For the preceding expressions to hold, the length of the
tube must be very much less than a wavelength at the highest frequency of interest.
A resistance effect also becomes important when the tube diameter is very much

smaller than the tube length.

Inertance may be obtained from a small hole in the pipe wall as
shown in Fig. 60(f). The hole becomes an inertance tube of almost zero physical
length. The effective length is then just the end correction term. With

reference to Fig. ¢O0(f), the inertance of one hole is

Dte . W 1b sec2
Ll =g = 1.6 5
1 gV nd in,-
vhere w is again the specific weight of the liquid in —125 , d is the hole
diameter in inches, and g is 386.4 in.2 . .
sec

The two holes shown in the figure are acoustically in parallel, and

their admittances add. The inertances then add as reciprocals

e
1
r:*|»—»
+

li—‘

o
=

r
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The effective diameter of the two holes is then
Lebek
e 1 2
Finally the total inertance presented by the side-branch 1s
2
1.6w W 1b sec
Ly = T 5
g~f;de S3 g in.

c. Resonant Frequency

The total shunt admittance of the side-branch element was

given above as

1

Y =
Jal, +

s 1

JaC

When the denominator of this expression is zero, Ys becomes infinite. It is
this infinity that gives the transmission loss infinities for the filters
discussed in the previous section. If the elements have any friction in the
pressure seal or elsewhere, YS will not be zero, and the transmission loss
will have a maximum but not an infinity. The zero of the denominator occurs

at a frequency related to L and C:

P 1 cps
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When L and C are replaced by their corresponding values of k and W, fo becomes

Figure 62 presents an aid to calculation for this expression. If the values of
inertance and compliance have been determined instead of W and k, the effective
veight can be determined from Fig. 61, and the effective stiffness can be

determined from Fig. 59.

The resonant frequency is seen to depend on compliance and inertance.
Thus, fo will change 1f static pressure variations cause changes in x as in
Fig. 60(c). 1In high pressure systems, the resonant frequency must be determined
under operating conditions. It is possible to provide pressure regulation or
preloading to keep fo relatively constant. Even the pressure regulation does
not maintain a completely constant fo since the pressurizing gas presents a

shunt compliance that varies with pressure.

d. Calculation of g

In the discussion of transmission loss curves for filters, a parameter

q was used as a measure of side-branch filter performance. This quantity is
defined as the ratio of the admittance of the compliant element to the charac-
teristic admittance of the pipe upon which the side-branch element is placed:

This parameter is unitless. The curves of Fig. 63 graphically relate aBC and
Yo to g. These curves can be used in several ways. In designing a filter the
values of Yo will be determined by the system piping, and the desired value of
q may be selected from the transmission loss curves. Entering Fig. 63 with Y
and q gives the required product u%C. If a certain value of o is desired, the
value of C is then fixed. In another possible case, the value of @ C,and Y

for a particular side-branch element and system plping has been determined.
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The value of q can then be determined from Fig. 6%, and the calculated trans-

mission loss characteristics may be found in the previous section.

e. Gasg-Filled Side-Branch Element

The side-branch element consisting of a gas volume to provide the
compliance and a liquid mass for the inertance is shown in Fig. 64. In the
first case the closed-end side-branch is gas-filled at some pressure P, before
the liquid is added. Then the liquid is added and brought up to some pressure,
p, greater than Py The liquid then partially fills the tube as the gas is
compressed. The liquid height is then

D
x =1 (:1 - —%) .
s D

In a second case, the gas volume is regulated to keep x fixed and

independent of p. This case will be discussed later.

In the first case the inertance is given by

X 1b sec2
L=O'8‘ 5 [
in.
and the compliance is
C = (ls - x)8 in.”
- D 1b

The resonant frequency of the system is then

_ P /
o~ 2t ® cps -
8 L2
o P, 5

To give this resonant frequency, the pipe length ls must be:

f
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P = L .
< (Do PO
opol-;-

If a parameter, a = ——EZ—--,is introduced, zs becomes:

a% p Po

in.

o]

2
p

The quantity y is the ratio of specific heats for the gas; p is
the mass density of the liquid (p = g, w is weight in 1lb per cubic in., and

g = 386.4 in.z); P and p_ are pressures in psia.
sec
For a given value of po, a set of curves can be drawn, as in Fig. 6k,
relating ls and p with a as a parameter. These curves are drawn for P, = 14.7 psia
and are not valid for other po's. For a given gas, liquid, initial pressure P,
and desired resonant frequency, the value of a is fixed. For the given system
pressure p and a, the length of pipe ls is determined by the curves of Fig. 6l.
The interpolation aid may be used to measure in a direction parallel to the
ls-axis for the determination of values of parameter a between and beyond the

curves given.

The value of filter effectiveness parameter q is now of

interest. This becomes

Yopu%w a\l -

From the previous paragraph, it can be seen that the resonant frequency does
not depend on side-branch pipe area, S, but fortunately q does. The side-
branch pipe length determines the system resonant frequency, and the area

determines the q. Thus, the two quantities can be fixed independently.
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Under operating conditions, the system pressure p may change, with
the magnitude of change depending on the kind of pumping system involved. As
P changes the gas volume changes, and there 1is a corresponding change in the
liquid column height. Both the compliance and inertance are affected, and the

side-branch resonant frequency and q are changed.

The change in resonant frequency is related to the change in system

pressure as follows:

H)Im"‘)
ko)
N

where the resonant frequency was f, at the system pressure P., and the new

1 1’
frequency is f2 at the new pressure Ps- As before, p, vas the initial pressure
of the gas in the side-branch. This relationship is plotted for a few values

of p, and p_ = 14,7 psia in Fig. 65.

The variation in q 1is given by

9 /plzpl - 2,)

a. - PP~ - D)

9 PolPy = Py
The q at Py is 9 and that at P5 is Qe This relationship is plotted for several
values of p, withp = 14.7 psia in Fig. 66.

In the second type of gas-filled, side-branch element, a gas pressure
regulator system is used to maintain the liquid level, x, constant as the
pumping system pressure changes. Some type of level sensor 1s required for
such a control system. 1In this case, the inertance will remain constant as
pressure changes, but compllance will change. The net change in fo and q is
then less than that of the previous case. This improvement is the main

advantage over the case for no regulation.
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The regulated liquid height side-branch element is shown in Fig. 67.
In terms of the symbols shown in the figure

oo w2
) 1y
p(ls - [a) 1b sec
L= S 5 ’
in.
and
1
== \[vT (1 -1 eps
a'’s a

where ls and ‘a are in inches, S is in square inches, p 1s pressure in psia,

7 is the ratio of specific heats for the gas, and p = § (w in lb} and g =
386.4 1n.2). in.
sec

From the design standpoint the length of the pipe ts and the point
at which to maintain la by regulation to provide this resonant frequency are
desired. 1In this case there is no unique value for ls’ but ls and la are

related as follows:

ww
[+]

If ts and ‘a satisfy this relationship, the resonant frequency will be fo,

w
(£, = 2—:"-). This relation is plotted in Fig. 67, with b a parameter. For a
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given system pressure p and desired resonant frequency fo’ the value of b is
fixed; if ts is chosen, the value of ta may then be read from the abscissa.
It can be noted that there are two values of ‘a glven by the curves. Either
value will give the correct fo, but the value to the right will give the

larger q for the filter.
There is a minimum value of ls given by

t_(min) = 2Jv .

Corresponding to this value of ls only one value of !a exists. It is given by

The filter effectiveness parameter q is found to be given by

w!sS
o8

.va0

o - laSg
wu%bYo

As before, the resonant frequency is independent of the area of
the side-branch pipe, but the value of q depends directly on S. In addition,
q also depends directly on la' Thus, the larger value of ‘a of the two

possible should be chosen for a larger q.

For the minimum value of ts and [a’ the q becomes

= S £
% (min lq) *¥ Vwp

[o]

147]
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As mentioned earlier, the regulated side-branch has less dependence
on system pressure variations than the other type. The varlation in resonant

frequency is given by

HIW
n

2
1 Py

This relationship is plotted in Fig. 65. It indicates that if the side-branch

vas designed to have a resonant frequency, f,, at pressure pl, when the pressure

1
is raised to P, with the length la held constant, the new resonant frequency

is f2.

The dependence of q on system pressure is given by

9 1
—— -~ —
9 Po

This relationship is shown in Fig. 66 along with the curves for the case with-
out regulation.

f. Liquid-Filled Side-Branch

The liquid-filled side-branch can have the configuration of a "tee"
on the pipe or a coaxial arrangement as shown in Chapter III, B, Transmission
Loss Curves. In either case, the element will have repeated infinities of
admittance at frequencies for which the length of the tube is any odd multiple

of A/k. This is shown from the expression for admittance of a closed-end tube:

0s v

Yos is the characteristic admittance of the side-branch pipe, I is length in
inches, v is wave velocity in in./sec, and £ is frequency in cps. When the
argument of the tangent function is any odd multiple of n/2, the value of the

function is infinite:
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2ntf n
—V-'—=(2n+l)§, n=0,1, 2,

Then the frequencies for infinite shunt admittance and thus infinities of

transmission loss are given by

a1
H

{7(2:”1) , n=0,1, 2

In designing such a side-branch element, the length must be determined. Lengt..

is fixed by the frequency for n = O in the above expression.

l=nf— in.

0

The velocity v in in./sec can be determined from the curves of Appendix A, and

fo, in eps, is the lowest frequency of infinite transmission loss.

The effectiveness parameter for such a filter is q' which is defined
as the ratio of the side-branch tube characteristic admittance to that of the
pipe in the system:

These two admittances can be determined from the velocity, density, and pipe
sizes as described in a previous section. 1In the usual system the liquid will
be the same in both pipes and the sound velocities nearly identical. Then

q' becomes

u

a?

where Ss is the side-pranch tube inside section area and So is the system

piping section area. Thus,
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4 2
"= _E_
q F) ’
)

where the d's are pipe inside diameters.

Precautions should be taken to prevent gas from collecting in
these side-branch elements. If gas 1s present, the previous case with a gas-
filled, side-branch element applies. The length equation and the transmission
loss curves for the liquid-filled, side-branch tube no longer apply.

Care should be taken to close the side-branch tube with a very
stiff cap. If the admittance at the closed end is not approximately zero,
the above expressions do not apply. The closed end should not be attached to
a structure that could conduct or radiate sound since that end can have large

acoustic pressures acting on it at the resonant frequencies.

4., Expansion Chamber

The expansion chamber filter has a transmission loss characteristic
that repeats for each frequency interval between successive values for which
the chamber length is a multiple of A/2. The meximum noise reduction occurs

at odd multiples of A/4. These maxima occur at
£f = (2n+1) 1 n=0,1, 2
n ]T'l' ’ y Ly Sy e

vhere v is the sound wave velocity in the chamber in in./sec and ! is the

chamber length in inches, as shown in Fig. 68(a).

In designing a chamber, the length is determined by the lowest frequency

for maximum transmission loss, fo.

where fo is in eps.
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The effectiveness parameter, m, is defined as

vhere Yoc i1s the characteristic admittance of the pipe comprising the chamber
and Yo is that of the system piping. These admittances and velocities can be
determined as outlined previously.

To obtain a desired value of m, the chamber must have

YOC = mY0

Or, in terms of chamber inside diameter, 4,

hwvao
d = in.
ng
lbs in.
Here w is liquid weight in 3 g = 386.4 5 v is wave velocity in the
in. sec

chamber in %Eé , and Yo is characteristic admittance of the system piping in

1n.5
1b sec

Higher order propagation modes present a limitation to expansion

chamber size. The cut-off frequencies for these modes are given by
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Values of th were given on page 125. The smallest oﬁn corresponds tom = 1,
n = 0. This gives a maximum diameter of

v
a = 0.586 ==

max f
max

This value can be considerably increased if the chamber is designed as shown

in Fig. 68(b). If the inlet to the chamber is exactly on the center line,

the asymmetric modes (n = O) will not be excited. Then, if the outlet pipe

is placed at a pressure zero for any one of the axially symmetric modes (m = 0),
that mode will not pass through the chamber. If the outlet is placed as

shown in Fig. 68(b) at an offset from the center line,

r = 0.31kd ,
the 0,1 mode is eliminated. Thus, this design eliminates the m,0 and O,l
modes which leaves all = 1.697 as the smallest value of Oﬁn' The maximum

diameter is now

v
0

dmax = 1.697 7
max

In practice, these modes cannot be entirely eliminated because of the
finite inlet and outlet size, but a considerable reduction in transmission can

be acheived.

5. Re-entrant Tube

The filter consisting of an expansion chamber and a closed-end tube,
as shown in Fig. 68(c), is commonly called & "re-entrant tube expansion chamber
filter." This filter can be simply made by extending the inlet or outlet
pipe into the chamber. The chamber effectiveness parameter, m, was given in
the previous section and its length is lc as shown in the figure. The closed-
end tube produces transmission loss infinities and has an effectiveness param-

eter previously defined as q' = YOS/Yo .
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The closed-end tube of length ‘s is now & hollow cylinder with an area
8 =8 - So' vhere Sc is the chamber section area and S° is the pipe outside

8 (]
cross section area. The characteristic admittance is then

where p is the liquid mass density and Vg is the wave velocity in the closed-
end tube. For the case in which the wave velocities in the chamber, tube, and

pipe are equal (usually very nearly true),

Yo=Y, {m -1)

Then q' becomes
Q' =m -1

The frequencies for infinite transmission loss occur for ls equal to

an odd number of quarter-wavelengths. This gives

(en + 1) v

The length required for such a tube is given for the lowest frequency of infinite

transmission loss (n = 0). Thus,

v
8
R S
08
for v_ in in. .
8 sec
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The expansion chamber length is related to the frequency of the first

transmission loss maximum:

The same precautions as for the expansion chamber should be

observed here.

A two-section, re-entrant chamber filter is shown in Fig. 68(d). Only
the case of identical sections (mirror symmetry about the center) has been
considered here. The parameters m and q' are calculated as before, and the
filter characteristics depend on the closed tube length [s and the chamber
length lc. For calculating the trensmission loss, the acoustical length of the

connecting tube must be used. This gives connecting tube length

d
t =1 +08Js =t (1+0m1-2 ),
a p p p lp

where Sp is tube section area and dp is tube inside diameter.

The end correction of the connecting tube has little effect on chamber
and closed-end pipe characteristics; it affects the connecting tube length
only when the length is comparable in size to the tube diameter.

6. Quincke Tube

The arrangement of two parallel acoustic paths shown in Fig. 68(e)
produces transmission loss infinities at frequencies related to the path lengths.
For true infinities to occur, the characteristic admittances of the pipes in
the two paths must be identical; YOl =Y o The most practical arrangement

0

o1 = Yoz = Yo
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Repeated infinities are given for the condition that the sum of the
pipe lengths, (ll + 12), is an integral number of wavelengths. This gives a
series of infinities at

nv

In“L v, P mEL A3

Another series of infinities occurs at frequencies that make the
difference in lengths, (ll - 1,), an odd multiple of a half-wavelength:

_(2n+ 1) v _
fan—é'(q_—%;y, m=1, 2,3 ... , (g, > 1)

The infinities of f n an be nullified if the difference in length is

1
any multiple of a wavelength at any of the frequencies f If fk is defined

in’
as

for any n or k. This relation leads to the condition on tl and 12 vhich will
result in the coincidence of fln and fk-

L =1 n -k

2 ln+k n=1,2,3, ... , k=1, 2,3, ... , (n > k)

To avoid nullification of the infinities at fln’ ll and 22 should not be related
as above. For all allowed values of n and k, n - k and n + k will be integers.
Thus, 12 should not be related to ll

of an irrational number such as JE, J?, n, Or e.

by a rational number but by some fraction
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D. FILTER DESIGN EXAMPLES

This section includes the design of acoustic filters for several hypothetical

noise reduction problems. The examples chosen are not necessarily typical.
They were chosen to include a wide range of system characteristics and to
involve the calculations of most of the possible filter parameters. Only the
engineering considerations that effect the acoustical characteristics are
considered. Important problems such as choice of materials, strength of
materials, and types of pressure seals are not discussed. It should be noted,
however, that any engineering decisions that involve the weight, stiffness, or
friction of the filter elements also involve the acoustical characteristics

of the filter.

The first phase of filter design is a consideration of the noise source
and piping system characteristics. The frequency spectrum of the noise will
give an indication of the frequency region where noise reduction is needed.
This information will lead to a choice of the type of transmission loss charac-
teristic required of an acoustic filter. The size of the system piping and
the system pressure will affect the choice of type of filter.

Some general considerations of the types of filters presented earlier may
be of some help to the designer and will be presented before the examples are

given:

(a) Lumped-element side-branch filters--this type of filter provides an

infinite transmission loss at one or more selected frequencies, and the
broad band noise reduction characteristics are good. Good low frequency
characteristics can be attained with‘rather small physical size.

The characteristics of ﬁhése filters change with system pressure,
and large pressures require added complications. Pressure compensation
and liquid level regulation allow improved operation at high pressures,

but at high pressures it 1s difficult to provide any appreciable compliance.
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Lumped-element, side-branch filters with moving parts might require
more maintenance than filters of other types, since seal aging, mechanical
spring fatigue, and pressure regulator adjustment could be important

considerations.

(b) Closed-end side-branch tube--this type of filter provides repeated

infinities of transmission loss that can be placed at a desired frequency
and its odd harmonics. The length of the tube is large for low frequency
infinities, and the section area required to provide broad band characteris-

ties becomes large.

The liquid-filled tube is simple to construct and can be designed for
service at high pressures. The acoustical characteristics do not change
with pressure. The tube volume required may be large, but the tube can

be run in any convenient direction.

(c) Expansion chamber filters--the expansion chamber filter does not

provide transmission loss infinities, but it has the best broad band
noise reduction characteristics of any filter considered here. It has
the further advantage of being simple to construct and usable at high

pressures. The acoustical characteristics do not change with pressure.

Expansion chamber filters must be long and large to produce large
transmission losses at low freguencles. Tor large chamber diameters, the
filter effectiveness may be nullified by higher order modes of sound
propagation through the chamber.

(d) Combination filters--the combination of an expansion chamber and a

lumped side-branch element will incur the disadvantages of both types, but
a transmission loss infinity is provided and the broad band characteristics

may even be improved over those of only a chamber.

A liquid-filled, side-branch tube combined with an expansion chamber
provides repeated infinitles and good broad band characteristics. This

17k



| se— em——t

| gt

fowed  pumi pumni pmmd

St
.

o

| eesd  peeed

[ VNP

@ i v ARSI | TR BN W5 O, e AV i P AP T T ST R0 i s e

September 1962
ELH:vh
combination is suitable for high pressure applications, and in the form of a

re-entrant chamber the construction is simple.

(e) Quincke tube--the use of two parallel acoustic paths provides a filter
characteristic with infinities of transmission loss at harmonically related
frequencies. The Quincke tube is ineffective, however, for the reduction
of broad band noise. The design and construction of such a filter is
simple, the space requirements are not severe, and high pressure operation
is feasible.

1. Fresh Water System, 6 in. Piping

(single-Section, Lumped-Element, Side-Branch Filter; Pressure Compensa-
tion; Two Parallel Elements)

It is desired to provide a simple filter for a piping system that
carries fresh water in 6", schedule 40, steel pipe at a pressure of 50 psig.
The pump produces a strong 30 cps component in its noise spectrum. An inspection
of the transmission loss curves for various filters reveals that a single-section,
lumped-element, side-branch filter with q = 100 would give an infinite trans-
mission loss at 30 cps if the resonator were tuned there. In addition, at
least 20 dB of transmission loss is predicted from f/fo = 0.2 {6cps here) to
f/fo = 5 (150 cps here). An actual installation with nonideal terminations
would probably not be as good as predicted, but appreciable noise reduction
should be expected over this band. The calculation of the physical quantities
required for such a filter will follow.

a. Characteristic Admittance of the Piping

For schedule 40 6" steel pipe:
0.4, = 6.625"
Wall thickness = 0,280"
1.d. = 6.625 - (2 x 0.280) = 6.065"

Entering the velocity curve of Fig. A-3 in Appendix A for 1.d. =
6" and wall thickness = 1/4", the sound velocity is found to be
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v = 4380 fps

From the same figure, the density of water which may be needed for inertance

calculation is

2
p = 9.35 X 107 le LN
in.
or w = pg = 0.0%356 2o
in.3

The value of pv, required for the calculation of Yo’ is given as
1.12 X 10-3 times the sound velocity Just found.

ov = 1.12 x 1070 x 4280 = 4.9  iDSES

in.

Entering Fig. 57 with this value and a pipe i.d. of 6 in. gives

5
= 6.0 in

Yo ‘ 1b sec

b. Spring Stiffness

For q = 100, the product wC is found from Fig. 6% to be 600.
Then the compliance required is

600 in.5
C=5rx30 =318 o

A piston diameter of 5 in. is assumed, and the required stiffness for a spring
to back the piston is found from Fig. 59:

k =120 2
in.

176



~ — - — M | oe—

—

September 1962
ELH:vh

Before continuing, the static deflectlon of the spring is calculated.

2
_F _pS _30X n$52 -
x_k_k = Xleo —8.2 in. ’]
vhere p is the system pressure of 50 psig. Such a large static displacement

suggests that pressure compensation be employed to reduce it or that an alternate

design be used.

Pressure compensation will require a different spring, since the
pressurized gas also presents a compliance. The compliance due to the spring
and gas volume are acoustically in parallel; hence, their complicance add as

reciprocals:

7P
U

Cﬂml??'

The required stiffness is then

o1 7
k = (E'I'JP'> .

By finding the compliance required of the spring,

S2 1

k "I _»p
§)

Qfr

Fig. 59 may be entered to obtain k. Assuming that pressurized air in a cylin-
drical volume of 6 in. i.d. by 10 in. long is used, Sz/k becomes

1 15 in.”
1 TI x50 " o

318 1(6/2)2 x 10

Q
n
"%

ef
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Entering Fig. 59 for a 5 in. piston diameter and a compliance of 15 1n.5/lb
determines a point which is off the graph. Thus, k will have to be calculated.

2 2
_ 87 [()(a5/M)]1° 1b
kK=o 15 =57 i

A smaller air volume would produce a smaller compliance and require a spring with

even smaller k. A larger volume would thus require a larger value for k.

To reduce the static deflection without pressure compensation, the
spring constant, k, must be increased, but the compliance must remain unchanged.
Since the ueflection is x = pS/k and k = SQ/C,

. EC
X =73

Thus, for a given pressure p and compliance C the deflection x can be reduced

by using a larger piston area S.

Another approach to this problem involves multiple side-branch
elements at the same place on the pipe. Since these elements are in parallel,
their compliances are additive, and the compliance for each element is less

than the total compliance required.

Both these methods will be applied to the problem at hand. Two
ldentical elements will be used, and the piston diameter will be increased to

6 in. The required compliance for each element is then

5
_3.18 _ in.
=LY T3

Q
"
V] [ @]

For this value of compliance and a piston dlameter of 6 in., Fig. 59 gives
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The static deflection 1s then

2
_pS _ 50 x n(6) :
X = el X 510 = 2,77 in. .

This is a more reasonable figure. When the spring is compressed under the

P

pressure p, there will be a mass of liquid above the piston as in Fig. 60(c)

vhich may be used to tune the compliance to the resonant frequency of 30 cps.

c. Piston Weight

The piston weight required to tune the compliance is found from
Fig. 62. For k = 510 1b/in. and £, =30 cps,

W= 5.6 1b

This weight 1s divided between the piston that seals the unit, 1/5 of the

o DS G ) ey

mechanical spring, and the ligquid between the piston face and the side of the
pipe.

Considering the spring first, one possible spring made of stainless
: [' steel has a 3 in. outside diameter, 0.48 in. wire diameter, 10 turns, and weight
B of 4.02 1b. It must be at least 8 in..long to accommodate the 2.77 in. static
deflection. A third of the spring weight is 1.34% 1b, which leaves 5.6 - 1.34 =
4.26 1b for the piston and liquid.

i If a 3/8 in. thick by 6 in. diameter stainless steel piston is
used, the piston weight will be

(0.280)(x)(6)° (3) _
ayEy - &% W

where 0.280 is the weight per cubic inch for stainless steel. This leaves only

179
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4,26 - 2.96 = 1.3 1b
for the liquid above the piston.
The height of the water column is then
=0 W Q2B a9

5 VS (0.0356)(x)(6)

Since the static deflection under a pressure of 50 psig was 2.77", the spring

can be compressed a distance of
2.77 - 1.29 = 1.48  'in,

at a system pressure of zero. The spring will then be clamped and the element

ineffective until the system pressure gets up to

p =20 (-——él,;,? = 26.7 psig

At this pressure the resonant frequency will be higher than 30 cps because the
water mass is zero. At 50 psig, then, the resonant frequency will be correct.

With no water mass the resonant frequency is

_ 1 /510 x 386.L _
fo = 5 ——r%-—— 34,3 eps

since the total mass is then 4.3 lb. When the static pressure goes up to
75 psi, the deflection is increased to 2.67 in., which gives a total weight of
8.28 1b. The resonant frequency is then

_1 /510 x 386.4 _
fo = o S ks eps

The physical arrangement of this filter and the predicted transmission

loss for three system pressures are shown in Fig. 69. The element should be
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placed an appreciable distance from the noise source. The distance should be
some reasonable fraction of a wavelength at 30 cps to prevent large acoustic
pressures in the input section. Here a length of 6-10 ft should suffice.
There are many possible arrangements that may be much better than the simple
filter used here. The use of bellows instead of spring-piston combinations
would greatly simplify the seal problem. A compromise to a lower value of q
may greatly simplify the design requirements.

2. Low Pressure Lubricating 0il System
(Single-Section Filter; Lumped, Side-Branch Element; Gas-Filled, Side-
Branch Element; Regulated, Gas-Filled, Side-Branch Element; and
Expansion Chamber)

A simple filter is desired for a low pressure lubricating oil system
with the following characteristics:

Pipe: 1 in. i.d., 1/8 in. wall thickness
Material: brass
System pressure: 100 psia
Pump Noise Characteristics: Strong component at pump blade frequency
of 240 cps. Appreciable energy at rotational frequency of 30 cps
and at second, third, and fourth harmonics of the blade frequency (480,
720, 960 cps). A broad band noise with a spectrum extending from
30 ecps to above 1 kc with a broad peak at 500 cps is present.

Several types of simple, single-section filters will be designed, and
their transmission loss curves will be compared. The sound wave velocities in

the liquid and the characteristic admittance for the pipe will be required.

From Fig. A-11 in Appendix A, the value of sound wave velocity and

several other quantities are found:

v = h330 fps

<
1]

L600 fps
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-5 1b sec
p=8.23><10 :—h—

-4 1lb sec
ov = 9.88 x 107" x 4230 = 4,28 —
in.

The characteristic admittance is found from Fig. 57 to be

1 in.5

Yo = 18x107 e

a. Lumped-Element, Side-Branch Filter

Resonate the element at 240 cps to give large transmission loss at
the pump blade frequency, and design for q = 100 for broad band noise reduction.

Use capped bellows for the compliant element.

5
in.
For Yo = 0.18 T ooz 2nd q = 100, enter Fig. 63 to obtain

18 i
1b sec

Then for ®, = 2n X 2L0, find the required compliance C:

18 -2 i
CTEmxamo T X o

The effective diameter for a bellows is given approximately by the
average of the outside and inside dlameter of the bellows convolutions. For

an effective dlameter of 1 in., Fig. 59 gives a required stiffness of

1b
in.,
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The deflection of such a bellows under the static system pressure of 100 psia
will be

X = E—S' = (100 - 14.7) E—;t(—5_2- = 1.29 in.

This is an unreasonable figure, and a redesign is indlcated. Larger bellows
area, multiple elements, pressure compensation, or smaller q are suggested.
This type element will not be considered further except that the weight to

resonate the bellows will be calculated as an example.

For a stiffness of 52 lb/in., Fig. 62 indicates a weight of a little
less than 0.0l 1b to resonate the bellows at 240 cps. Since this must include
1/3 the bellows weight and the cap weight, 0.0l 1b is much too small. A much
stiffer bellows is thus indicated for this element.

b. Air-Filled, Side-Branch Element (Not Regulated)

An unregulated, air-filled, side-branch element consists of a
vertical length of pipe that communicates freely with the main system piping.
It will be simply free to the air (air-filled) before the oil is pumped into
the system. System pressure will then compress the air, allowing oil to
partially fill the pipe. For filter design it is then necessary to find the
pipe length to resonate the element at 240 cps and the pipe diameter to give
the required q. Figure 6l gives the methods for determining both these
quantities.

The parameter a is required first.

8 s L —- = 1. b 5 = 5.05 X 107"
PP @, 8,23 X 1077 X 1k.7 x (2n x 240)
-5 1b sec2
Here y = 1.4 for air, p for oil was given above as 8.25 x 10 T > and
in.
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po is atmospheric pressure of 14.7 psia. At p = 100 psia and this value for
a, Fig. 64 gives the side-branch pipe length as

‘s = 2.5 in.

From the expression for q the side-branch pipe inside diameter may

be found. Since

S
s
q T ool R SS = Yowbp[sq , and
00 s
wpl q
q =2 00 s
s 7

Then dS in this case is

/ )
ds .2 0.18 x 2n x 240 x 8.23 x 107 x 2.5 x 100 - 2.7k in.

n

The physical arrangement and the transmission loss for this filter
are shown in Fig. 70. The curve shown is valid for any lumped-element, side-
branch resonator element, such as the one just described or the bellows 1liscussed

earlier with q = 100 and £ = 240 cps.

c. Regulated, Air-Filled, Side-Branch Element

Since the resonant frequency for the air-filled, side-branch element
without regulation varies almost directly with system pressure (as shown in
Fig. 65 for p = 100 psia), the regulated case is considered. When the liquid
level 1s maintained constant, only the compliance of the air volume varies, and

the resonant frequency varies as the square root of the pressure change.

The lengths of the side-branch pipe and gas column and diameter of
the pipe may be determined by referring to Fig. 67. The parameter b for this case
is then

185
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b = 7P2 . l:; X 102 5 = 0.75
o 8.2%3 x 1077 x kn“ (240)

If the minimum length side-branch pipe is used, the length becomes

L, = 2dv = 2J0.75 = 1.124  in.

The length of the air column is then

!
! = 55 = 0.562 in.

Since q 1s given by

eend DI OED Ommd pemd  pewd g pamd e el e

w S¢?

q = [o] a ,
7PY°
7PY q

8 = w2
0o a

-

Then the side-branch pipe diameter is given by

In this case

1.4 % 100 x 0.18 x 100
dg = 2‘\/ * X 2r X 240 X 0.560

= 1.945 in.

.

A side-branch pipe that is almost 2 in. in diameter and about 1-1/8 in. high
with the liquid level held at 0.562 in. is indicated.

oy g
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One might desire to make the side-branch tube of the same pipe as
the rest of the system. For q and b fixed, ‘a and S are inversely related.
If the pipe diameter is reduced to 1 in., then the new ‘a is

2
1.94
1, = 0.562 (ﬁ?) =212  in.

The new pipe length is then given by

- b | 0.75
ls = la * 7 2.12 + 515 2.475 in.

a

For this side-branch pipe, the i.d. is 1 in., the length inside is 2.75 in.,
and the air column length is 2.12 in. The liquid level is then regulated at
a height of 0.355 in. from the edge of the system piping.

The transmission loss curve for this filter is the same as for the
previous case withoui regulation, but the variation of fo with system pressure
is reduced. An infinity is provided at the pump blade frequency fundamental
and at least 15 dB transmission loss is predicted from %0 cps to above 1 ke,

to reduce the dbroad band noise.

d. Liquid-Filled, Side-Branch Pipe

Transmission loss infinities can be provided at the pump blade
frequency fundamental and its odd harmonics with a liquid-filled, side-branch

pipe.

The required pipe length has been given previously as

Lrar o

(o]

vwhere fo is the lowest frequency at which an infinity is desired, and v is

velocity in in./sec. The length cannot be calculated until the sound wave
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velocity in the oil is known for the pipe to be used for the side-branch tube.

Inspection of Fig. 30 reveals that q' must be large to obtain any appreciable

bandwidth in the transmission loss rejection bands. If a value of q' = 10 is

chosen, the characteristic admittance for the pipe becomes

in.5

= g! = = —
Yo =a Y =10x0.18 =18 g

[023)

If the velocity in the side-branch pipe is the same as that in the system piping,
the admittance ratio q' is also the area ratio, since Yo = %; . This will be

approximately true, so a pipe size of

d‘_=do~/10=lx5.l6=5 in.

o

ft

will be used. For a wall thickness of 5/16 in., Fig. A-11 gives v = 4150 Sec
and ov = b.1 %"’% . Then, from Fig. 57, Y _ = 1.7 ni>_ms'§c“ and
q' = 2l = 9.8
The required length of the closed-end pipe is then
! =%;= 4150 x 2 x 240 = 51.8  in.
The transmission loss curve for q' = 10 is shown in Fig. 70. The fundamental

and odd harmonics are eliminated, but the even harmonics are not attenuated at

all, and there is very little attenuation at 30 cps.

e. Expansion Chamber

Broad band rejection characteristics can pbe obtained by use of

expansion chamber filters. If the maximum transmission loss is set at 240 cps,
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the odd harmonics are also attenuated by this same amount. The length 1is
then given by

! = =
T30
o
As in the case of the liquid-filled, side-branch pipe, the length
cannot be determined until v is found. Referring to Fig. 33, a value of
m = 100 gives 34 dB maximum transmission loss. Since the percentage change in
sound velocity with pipe diameter is small, the parameter m is very nearly

equal to the area ratio of the pipes. Thus the expansion chamber diameter
should be

dc = J100 = 10 in. 1i.4.

Reference to Fig. A-13 of Appendix A reveals that this value of i.d. for an
assumed wall thickness of l/h in. gives a velocity of 3700 ft/sec. The product

5
. in.
pv is then 3.66 and from Fig. 57, Yoc = 22 o oos The actual value of m
is thus
22
m—m=122

The predicted maximum transmission loss is then

T.L. = 20 log (122) - 6 = 35,7 dB

The length can now be calculated.

The transmission loss curve for this filter with m = 100 is shown in Fig. T70.
Again the fundamental and odd harmonics are attenuated the most, but the even

harmonics are unaffected. The loss at 30 cps is almost 20 dB.
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If some reduction of transmission loss at the fundamental is
allowed, a shorter length chamber will give a broader rejection band and good
attenuation at all the narrow band components. In this case, the first peak
in the curve is placed between the third and fourth harmonic. The length is
then

v 3700 x 12
[a-a-f—‘: 5 % ) —26.1$ in.

The curve for this case is also shown in Fig. 70. At least 25 dB of transmission
loss is predicted up through the sixth harmonic. The value at 30 cps is about
15 dB, and this filter would be expected to give the best attenuation of the

broad band noise.

3. Sea Water System, 4 in. Piping
(Two-Section, Lumped-Element, Side-Branch Element; Inertance Tube;
Inertance Holes)

Consider a sea water pumping system using 4 in. i.d., 1/8 in. wall
thickness, copper-nickel pipe. It is desired to provide a transmission loss
infinity at 30 cps and 60 cps with a two-section, lumped-element, side-branch
filter. A response as shown in Fig. 24 is desired, and bellows are available
with a 4 in. effective diameter and a convolution stiffness of 4000 1b/in.

From Fig. 24 it is seen that here, fo, = 30 cps, £, = 60 cps, and
9 must equal qye The length between elements 1s then

Before proceeding, v and Yo must be found.

From Fig. A-9 in Appendix A for salt water in Cu-Ni pipe with d = 4 in.
and wall thickness = 1/8 in.,

v = 4170 fps ,
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1b sec

ov = 4170 x 1.15 x 10 = 4.80 =

in.

1b sec2
in.

o = 9.56 x 1077
Yo is then given by Fig. 57, for 4 in. i.4.,

5
in.
Yo = 2.6 1b sec

Now the length between side-branch elements is

_L170 x 12
! —gl)T-eos in.  (17.4 £t)

The second element should be placed at about this distance from the noise

source.

For element No. 1 a four convolution bellows is used. This bellows then
has a stiffness of

k=20 1000 B

Entering Fig. 59 with this value of k and a 4 in. effective diameter gives

in.

C =0.16 T

The q of the element can then be found from Fig. 63 by calculating ublc =
2x X 30 X 0.16 = 30.1, and entering with Y, = 2.6,

qQ =1
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The weight required to tune this bellows to 30 cps is found from Fig. 62;
Wall 1v

The weight of 1/3 the bellows and the cap to seal it is 2 1lbv, leaving 9 1ib to
be added. Instead of adding this weight, an inertance tube or hole will be
used. Fig. 6l gives the inertance equivalent to 9 lb for a 4 in. effective
piston diameter as

4 1b sec2

L = 1.46 x 10 5

in.
The inertance of a tube is given by

pl
L= —

’

where S is the tube section area and le is the effective length for a physical
length £ given by I_ = £ + 0.84/S. For an inertance hole £_ = 0.8Y§ and

L =0.8 p~r§7$. The hole diamter required to give a certain inertance is

then

=20 _0908 in
LNn L

The inertance hole diameter in this case is then

_0.902 x 9.56 x 1072

d
1.46 x 1o;h

= 0.59 in.

The bellows cap should be placed a distance of about le/2 away from the inertance

‘hole. In this case that distance is 0.21 in.
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If more than one ldentical hole is used, the required inertance :or
each hole is

LngnL ]

vhere n is the number of identical holes. In this example, if two holes are used,
the diameter of each hole should be

_ 0.902 x 9.56 x 1072

d T
2 x 1.46 x 10

= 0.295 in.

These two holes should be placed at least 1 in. apart to prevent interaction

between them.

Next consider the use of a 1 in. i.d4. inertance tube. Its inertance

2
must be 1.46 x 10'“ lE.E%S_ The effective length is then
in.
;= B ndaL
e p  bp
-k 2
_ L6 x10 " xwx (1) 1.2 in.

b x 9.56 x 1070

The physical length is then

L)
[]

L, - 0.848 = L, - o.4aw

1.2 - 0.4 x 1% = 0.49  in.

The bellows cap should be placed at a distance of about one end correction from
the end of the tube. In this case that distance is 0.2d~fn = 0.355 in.
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The second side-branch is to be resonant at 60 cps and have a q = 11.
Then the compliance required is

q,Y 5
20 1l X 2.6 _ -2 in.
Ca= 0)02 = S x 8o " 7.57 %X.10 =T

For a piston diameter of 4 in., Fig. 59 gives a stiffness of

1b
in.

k = 2100
for bellows No. 2. A two convolution bellows can then be used for the compliant
element to give a k = 2000 lb/in., but the q of the element will be slightly
different from 11.

The welght required to resonate this bellows at 60 cps is given
by Fig. 62:

W= 5.62 1b

The weight of the cap and 1/5 the bellows is taken as 1.5 1b here, which
leaves a weight of 5.62 = 1.5 = 4,12 1b to be added. The inertance equivalent
to this weight from Fig. 61 is

1b sec2

_ =5
L = 6.5 %10 5

in.

Thlis inertance is then obtained by an inertance hole of diameter

4 - 0:902 X 9.65 x 107 _
6.7 % 1077

1.3 in.

The bellows cap should be placed about 0.46 in. from the hole.
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This filter with the inertance tube used to tune the first element and
an inertance hole tuning the second element is shown in Fig. 71. The trans-
mission loss characteristics will be very much like those shown in Fig. 2L for
g = 10. The infinities will occur at 30 and 60 cps, and the zeroes will be at
105, 210, 315, ete., cps.

4. High Pressure Hydraulic System
TT%O-Section Expansion Chember Filter)

The fluid lines of 1000 psia hydraulic system have pump noise and gear
noise that extends from about 180 cps up to about 20 kc. Most of the noise
energy lies in the range of 1 to 3 ke. For system pressures of the order of
1000 psia, compliant elements are probably impractical. The liquid-filled,
side-branch tube or expansion chamber should be considered. Here a two-section
expansion chamber with identical sections will be used to provide large
transmission loss characteristics and wide rejection bands (Fig. 34). The
first maximum of transmission loss will be set at 2.5 kc which makes fl = 5 ke.
The chamber length is then

An m value of about 31.6 will be used. Before proceeding, v and Yo must be
calculated.

The system piping has 1/2 in. i.d., and 0.147 in. wall thickness; the
material is steel. From Appendix A, Fig. A-1b,

v =35% fps ,
v, =365  fps

1b sec

oV = 3590 x 1.08 x 10~ = 3.88
in.5
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From Fig. 57 for 1/2 in. i.4., the characteristic admittance is given as

2 in.5
1b sec

Yo =5.2x%x10

The value of m is nearly equal to the ratio of the chamber area to
the pipe area. Or,

d

-&3= Ju = J31.6 = 5.62 ,
[¢]

where dc is the chamber i.4. and do is the pipe i.d. Here dc shcould be

d, = 0.5 X 5.62 = 2.81 in. ,

but a standard 3 in. i.4. pipe with 0.3 in. wall thickness will be used for the
chamber. Fig. A-1l4 in Appendix A does not cover the region for a wall thickness
of 0.3 in. and i1.4. = 3 in. A rough extrapolation gives v = 3550 fps for the
velocity in the large pipe. An error in this number can affect the value of

m and the length of the chamber slightly.

Figure 57 gives the characteristic admittance for the chamber. For
ov = 1,08 x 1072 x 3550 = 3.83,

5
in.
Yoc - 1.8 1b sec

The value of m for the chamber is thus,

Yoc 1.8

T, T

m =

198
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The predicted maximum transmission loss is then

T.L. = 40 log,, (34.6) - 6 = 55.6 dB

The required length of each chamber and connecting tube is found to be

g =220 X112 ) o

= 2 x 5000 in.

Unless the inlet and outlet of each chamber are properly placed, the
first higher order mode will be propagated by the chamber at

_%0Y _0.586 x 2635 x 12 _ 4
- Lo o - -

o

) ke ..

If the inlet to a chamber is placed exactly on the chamber center line, the
first two modes will not be excited. Then, by placing the outlet tube at a

distance
r =0.314d = 0.314 x 3 = 0.9 in.

off the center line, the next higher mode will not escape the chamber. This

arrangement allows only the modes above a frequency of

12

24,6 k
3 c

f = 1.697 x 3635 X
to be propagated through the filter.
When the connecting tube is placed as shown in Fig. 71(b), the second
chamber inlet is offset, and the third mode will not be excited. With the

outlet on the centerliﬁé, the firet two modes have a pressure zero at the

outlet and do not leave the chamber.

199



September 1962
ELH:vh
The transmission loss curve will be very nearly that shown in Fig. 34
for m = 31.6. No more than 10 dB loss will occur below f = 0.07 X 5000 cps
= 350 cps. Between 350 cps and 0.91 X 5 k¢ = 4.6 ke, the transmission loss
goes to & maximum of 55.6 dB and back to zero. There are regions of low transmission
loss approximately 700 cps wide centered at 5, 10, 15, ... kc. The shape of the
curve should be preserved up to nearly 25 kc, since the first undesired mode
is at 24.6 ke.
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CHAPTER IV: SUMMARY OF LABORATORY MEASUREMENTS OF FILTER PERFORMANCE

A. INTRODUCTION

During the filter investigation program at DRL, sound measurements were
made on experimental filters. With the exception of side-branch filters with gas
volume type lumped-parameter branch elements, one or more df each of the types
of filters described in Chapter III1 were built and tested in the Laboratory.
It is the purpose of this chapter (1) to describe the filter test conditions,
(2) to specify what kind of sound measurements were made, and (3) to present

representative test results for each of the filters tested.

e e

o et o
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B. FILTER TEST CONDITIONS

Although there was consliderable variation in the details of tests on the
various filters, most of the tests had certain features in common. Each filter
tested was installed between & sound source and some form of acoustic termination
in a water-filled system. Hydrophones at the filter input and output ports
sensed pressure inside the lines at those points. Signals from these transducers
vere analyzed. The resultant nolse spectra were either individually plotted
against frequency or expressed in decibels relative to a common refer.ace,
differenced, and then plotted.

Sound sources used were (1) an electromagnetic shaker unit fitted with a
compliantly-mounted, pressure-sealed piston, (2) submarine water pumps of the
multistage, centrifugal type, and (3) a partially closed valve producing flow-

generated noise in a water line.

The magnetic shaker unit, Fig. 72, was used in so-called no-flow tests;
the test filters were water-filled, but there was no net circulation of water
through them. Character of the sound produced by the shaker unit was of course
governed by the electrical signal applied to it. Either sine wave or random

noise signals were used in no-flow tests.

Two different submarine pumps were used for filter test noise sources.
One was a six stage, series connected, centrifugal drain pump. Figure T3
shows a sketch of it and gives some information on its size and rating. The
other pump was also a six stage, centrifugal pump but was of somewhat larger
capacity and had provision for connecting the six stages in two parallel groups
of three each. This pump is shown in Fig. 74. When either of these pumps was
used in filter tests, water was pumped through the filter. These flow tests
simulated conditions in a practical system. The pumps produced noise having
a broad spectrum with peaks at the pump rotation and impeller blade'ffequencies.
Pump nolee spectra varied with speed, system static pressure, and stage connec-
tions. 1In interpreting results of flow tests made with either of the submarine
pumps as a sound source, it should be kept in mind that under flow conditions noise
1s generated by fluid turbulence inside the filters and connecting lines.
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The partly closed valve was used as a noise source in flow tests at much
lowver flow velocities than those produced by the pumps. The valve, connected
to the municipal water supply lines, was adjusted to produce broad band noise.
The nolse spectrum was very sensitive to changes in the valve setting.

A wide variety of acoustic terminations were used on the filters. 1In no-
flow tests, open-ended water columns contained in metal pipes or fire hoses
or both were used. In some cases, filter output ports were connected to pipe
or hose lines leading to water storage tanks. For some tests, a submarine
trim system manifold was included in the system between the filter output port
and the storage tanks.

In flow tests in which either pump was used, water was circulated in a
closed path including the filter. Either pipe or hose connected the filter
output port to storage tanks. Metal pipe lines returned water from the tanks
to the pump suction port. The submarine trim manifold was used in some of

these flow tests also.

In the few tests in which the hissing valve was used as a sound source,
fiow rates were very low; water flowed through the filter, through a length
of pipe, and into a steel barrel from which it overflowed onto the ground.
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In all the laboratory tests for which results are presented, the filter

output and input ports were determined by the location of hydrophones used to

measure sound pressures inside the lines at those points.

(1)
(2)
(3)
(&)
(5)
(6)
(1)
(8)

Several different hydrophones were used in the course of the filter program.
They are specified in the following list.

Name Serial No. Nominal Sensitivity 4B ref 1 V/ubar
Massa H-1l 13 - 88.5
Chesapeake I 6P 330/T 8 -10k4
Chesapeake II 6P 330/T 9 -104
ARC BC-32 51 -109.5
ARC BC-%2 53 -109.8
ARC IC-32 149 -10%3.5
ARC BC-10 230 =117
ARC BC-10 227 -117

In a maJority of the no-flow tests, and in all the flow tests, fixed hydro-

phones, those not on movable probes, were mounted in small side cavities

separated from the inside of the pipe by rubber fairings. TFigure 75(a) and (b)

shows the usual hydrophone arrangements. In some cases the membrane between

the hydrophone space and the inside of the pipe was omitted. Fig. 75(c).

Figure 76 is a block diagram indicating electronic instruments in an

arrangement typical of those used for measuring and analyzing hydrophone signal

voltages.

are listed below.

(1) True RMS VIVM
AC Voltmeter

(2)

The instruments that were available for making these measurements

Vacuum Tube Voltmeters

Ballantine Labs Model 320
Ballantine Labs Model 310A
207
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(2)

(1)

(2)
(3)

()
(5)
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Oscilloscopes
Single Trace Hewlett Packard Model 130A
Dual Trace Hewlett Packard Model 122A

Spectrum Analyzers

Sound analyzer--General Radio--Model 760-A (2% proportional bandwidth,

25 cps to 7500 cps)

Octave band analyzer--General Radio--Model 1550-A, 20 cps to 10,000 cps
Half-octave band analyzer--H. H. Scott--Modél 420-A, 20 cps to 9600 cps
(used with additional filters)

Half-octave band analyzer--White Instrument Labs--Model 1410, 8 cps to 10 Ke
Sound and vibration analyzer--General Radio--Type 1554-A, One-third octave,
narrow band and all pass, 2.5 cps to 25,000 cps

210 -
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D. INTERPRETATION OF TEST DATA

For several reasons, the test data of this section are subject to interpreta-
tion different from that for predictions based on transmission loss curves of
Chapter III. The ratio of output sound pressure magnitude to input sound
pressure magnitude expressed as sound pressure level differences or sound
pressure band level differences in decibels in this section is different from
the transmission loss. Transmission loss, it will be recalled, expresses for
a single frequency the ratio of the output sound pressure magnitude to the
magnitude of the incident wave contribution to sound pressure at the input
under the imposed condition that the filter is terminated by a load having an
input admittance equal to the characteristic admittance of the liquid line in
vhich the filter is used. Also, some of the measured data given apply to bands
of frequencies rather than single frequencies as do the transmission loss
values. Another fundamental difference between conditions for measured and
calculated filter performance is the presence of standing waves in the lines
at the ends of the filter in the actual tests. Finally, flow noise distributed
continuously throughout the filter and its connecting lines was present in
the flow tests, but it was not considered in the calculation of transmission

loss.
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Curves showing results of tests on the various filters are arranged

according to the following outline:

I. Side-Branch-Element Filters

A. Filters with One Branch Element

1.

Spring-Piston Type Branch Elements

Figures 77 through 78.

Metal Bellows Type Branch Element

Figures 79 through 84.

Closed-end Stub Type Branch Element

Figures 85 through 87.

B. Filters with Two Branch Elements

1.

Spring-Piston Type Branch Elements

Figures 88 through 94.

Disk Spring Type Branch Elements

Figures 95 through 99.

Metal Bellows Type Branch Elements

Figures 100 through 105.

212
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C. Filters with Three Side-Branch Elements

1. Spring-Piston Type Branch Elements

Figures 106 through 123.

2. Metal Bellows'Type Branch Elements

Figures 124 through 127.

II. Expansion Chamber Filters

A. Single Chamber Filters

1. Chamber 2 ft Long; Area Ratio 14.1

Figures 128 through 130.

2. Chamber 5 ft Long; Area Ratio 14.1

ot DEE GEN GE0 el ed  jewed  peend e fuae

Figures 131 through 135.

forn )

3. Chamber 7 ft Long; Area Ratio 14.1

Figures 136 through 138.

L. Chamber 10 ft Long; Area Ratio 14.1

l Figures 139 through 1h4l.

Pt e s e e

- N e

B. Double Chamber Filters

1. Chambers 2 ft Long and 5 ft Long; Area Ratio 1k.1

Figures 142 through 143.
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2. Chambers 5 ft Long; Area Ratio 14.1

Figures 144 through l47.

3. Chambers 5 ft Long and 7 ft Long; Ares Ratio 14.1
Figures 148 through 151.

J1I. Combination Filters

A. Single-Chamber and Lumped-Parameter, Side-Branch Element

Figures 152 through 15k,

B. Double-Chamber and Closed-End Stubs

Figures 155 through 156.

IV. Quincke Tube Filter

Lengths 55 in. and 133 in.: Figure 157.

On each sheet of curves showing filter test results there is drawn a sketch
of the physical layout of the filter to which the curves pertain. Below the
layout sketch is the transmission line acoustical circuit of the filter with
the significant information given. Units are not written for all numerical
values of acoustical parameters listed on the curves, but the same units are

used consistently throughout. These are as follows:

Quantity Symbol Unit IPS
Length 1 in.
Wave Velocity v FAI
sec
Acoustic Admittance Y -EE*E—
1b sec
2
Inertance L lB_E%E_
in.
5
, in.
Compliance c 1o

21k
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It must be remembered that the ratios of sound pressures at the filter
output ports to those at the input ports are not the same as transmission loss, so
exact agreement between these data and theoreticel predictions for the filter
transmission 1oss could not be expected, even if the filters were ideally
terminated.

These curves have been plotted from test data collected since 1955. When
the tests were run it was recognized that acoustic terminations of the filters
influenced test results; but since resistive, matched terminations were not
avallable, choice of the piping arrangement was governed by pumping system
requirements and availability of piping components.

These curves furnish a record of acoustic filter test results obtained
during the filter investigation program at Defense Research Laboratory. They
show performances typical of those that were measured during the experimental
filter program. It is probable that filter behavior of the same general character
would be found in actual practice.
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CHAPTER V: CLOSING REMARKS

The computer program used for calculating filter transmiseion loss as a
function of frequency, Appendix B, requires filter branch element admittances
at certain stages of the computation. For a particular filter, the program
will either calculate tbk~se admittance values from parameters of the branch
elements, accept values of branch admittance as input data, or even operate on
a8 mixed basis with some admittances calculated and others supplied. This
flexibility permits calculation of transmission loss for multi-element filters
from measured values of input admittance. Deviation from ideal characteristics
for the branch elements can thereby be taken into account.

Actual measurements of acoustic admittance of metal bellows type filter
branch elements have shown that the characteristics of such units may depart

considerably from those of simple spring-piston resonators.

It cannot be expected that filter performances in actual practice will
exactly duplicate those predicted by the methods of Chapter III. The principal
reasons are that in obtaining the design curves it was assumed that in any
particular case (1) there was a single liquid column sound transmission path,
(2) the admittance of the filter load was purely resistive and equal to the
characteristic admittance of the system piping, and (%) only one noise source
wag present. Nevertheless, it is believed that the analytical approach to
filter design given here is considerably more powerful than guesswork or methods
based on lumped-parameter approximation of filter behavior.
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APPENDIX A

Calculated Velocities of Sound Waves in Liquid Inside Metal Pipes

The sound velocity values presented in this appendix were computed using
& formula developed from an acoustical circuit representation of the pipe-liquid
system. The distributed reactance of an acoustic transmission system can be
represented by a cascaded length of lumped-element sections. Each section
consists of an arrangement of compliance and inertance which represents the
distributed series and shunting acoustic impedance found per unit length. Since
such a liquid system is very nearly lossless, no resistances need be included
in this representation.

The expression for the velocity of sound waves through such a system is

where I, = series inertance per unit length of the line, and
C = shunt compliance per unit length of line.

The compliance C is defined as the change in volume per unit change in
pressure for the system under consideration. Two compliance effects are present
in pipe-liquid systems: (1) the pipe itself can expand radially, thus allowing
a change in overall system volume, and (2) the liquid has elastic properties,
independent of its means of confinement. These two effects add, as will be
seen, to produce an overall compliance.

The inertance is defined as the ratio of mass moved by the changing
pressure to the square of the area (normal to the direction of mass movement)
over which the mass is distributed. Two inertance effects are found in pipe-
liguid systems: (1) the pipe mass moves radially, and (2) the liquid mass
moves axlally. Only the latter of these motions has any appreciable effect on
the sound velocity at the low frequencies of interest (f < 2000 cps).
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The acoustical circuit for a unit length of the pipe is given in Fig. A-l,

vhere L, = inertance per unit length due to liquid,
L_ = inertance per unit length due to pipe,
c
c

L - I N

= compliance per unit length due to liquid, and
= compliance per unit length due to pipe.

L IR N

The liquid inertance per unit length is

L. = m———l = -—-——upl
! S 2 nd e’
/] i
vhere ml = mass of liquid per unit length,
Sl a cross-sectional area of liquid,
Py = mass density of liquid, and
di = inside diameter of pipe.

The pipe inertance per unit length is

where mass of pipe per unit length,
= Inside surface area of pipe per unit length

= mass density of pipe,

LB - M -}

mean diameter of the pipe, and
thickness of pipe wall.

R O 8
ma n
n

n

The liquid compliance per unit length is

299



o s+ < L

- . L L A °
L
IN —> ?‘ P —e OUuT
Ce
FIGURE A-|
Le
o ST o
IN — T Ce+C, — OuT
FIGURE A-2
PIPE - LIQUID ACOUSTICAL CIRCUITS
ORL - UT
DWG AS 7138
JVK - BEE



== e e =

| geevmeenn

September 1962
DGG :vh

vhere Ul = volume of liquid per unit length,
p = system pressure, and

X = compressibility of liquid.

The pipe compliance calculation is somewhat more involved. An expression
for the inner radial expansion Ax of a pipe for a pressure change Ap is (page 264
of Ref. 27)

Npr r 2 +r 2 r 2
AX = i 0 i _ v i -1
E r 2 _ r 2 r 2 -r 2
o i o i
where E = Young's modulus of elasticity,

ro = inside pipe radius,

ri = outside pipe radius, and

v = Poisson's Ratio.

The assocliated volume change per unit length of pipe is

AUP = 2nriAx

Therefore, the pipe compliance per unit length reduces to

2 2
o nd a,“ (2 - v)
C.=-Raei l14y4 s
P 4Op 2E fa ldi T a)
where d, = inside diameter.

i

To show that the pipe inertance is negligible for the frequencies of
interest, note that for a series compliance-inertance branch an equivalent
compliance is given by

c
c_ = i

= NEY -mar,lcl ’
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vhere @ » 2xf, and Ll and Cl are the series elements. If this expression is
applied to the series Lp and Cp branch of Fig. A-l, it is seen that waLpCP <1
for narmel values of inertance and compliance and for lov values of w = 2xf.
The circuit reduces to that shown in Fig. A-2. Therefore, using the velocity
expression already mentioned,

The velocities computed using these relationships compare favorably with
measured values. Agreement to within 5-10% was found in all cases. The computed
velocities are plotted versus pipe inside diameter for various pipe materials
and wall thicknesses in Figs. A-3 through A-17.
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APPENDIX B

Digital Computer Program for Analyeing Acoustic Filters in a Pipe-Liquid System

The purpose of this program is to compute, as a function of frequency, a
transmission 1css which indicates the amount of sound attenuation caused by
several types of acoustic filters. A transfer function and a system input
admittance are also available for print-out. These computations pertain to
pipe-contained liquid systems.

Computations can be performed for the following types of filters: (1) side-
branch, both lumped- and distributed-element types, (2) expansion chamber and
(3) combination. To clarify what is to follow, it should be noted that the
phrase "filter section" is applied to the side-branch (or expension chamber)
and the length of pipe which follows before the next admittance discontinuity.
Progressing along the line from load to source a "discontinuity" results from
one of two things: (1) appearance of a side-branch, or (2) change in main pipe
characteristic admittance. 1In expansion chambers this latter discontinuity is

caused by ends of the chamber,

Any number of the same type or of mixed types of these filter sections
may be connected in series along the system piping. Further, more than one
side-branch element may be connected at the same position on the pipe. The
program will begin at the end opposite the noise source input end proceed past
each discontinuity, finally arriving at the noise source with a transmission
loss solution for the frequency under consideration. Any frequency range

may be chosen for computations.

There is one further extension of the program. §8ince side-branch filter
computations involve the admittances presented to a piping system by the side-
branch element, it may sometimes be desirable to skip the theoretical computation
at the discontinuity and for it substitute experimentally determined admittance
values. This may be done at one or more side-branch positions as desired;
theoretical calculations are still carried out at any remaining discontinuities.
Measured admittance values can also be put in at the termination of the pipe
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system (opposite the noise source end); this latter alternative is in lieu
of considering the terminal admittance constant.

Five mathematical expressions are used in this program; three deal with
admittance calculation or transformation, and two express the sound attenuation
caused by the filter system. Each expression is briefly discussed below.

The program is based primarily on the admittance transformation equation.
This expression is presented in the text in a form different from the trigono-

metric version given below:

Yi + JY tanpt
Y, , =Y ==
i+l c\ Y, + JYi tanpg ! ’

vhere Yc characteristic admittance of pipe,

Yi = admittance "seen" at previous discontinuity,

v
0

141 transformed admittance after moving down the pipe a length !,

B = 232 = phase constant of main pipe system,

frequency of sound source, and

<
"

velocity of sound in system.

This expression ties together the admittance discontinuities which occur at
positions along the main pipe.

A second expression, used for finding the mdmittance presented to the main
pipe by a closed-end side-branch, is simply a special case of the admittance
transformation equation. Since the Y, "seen" at the closed end of the side-

branch is zero, the expression reduces to

Yb = JthanBl ’

where Yb = admittance added in parallel with main pipe,
Yc = characteristic admittance of side~branch pipe length I, and
B = phase constant of side-branch pipe.
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The other admittance calculation involves the lumped element side-branch.
Such & side-branch can be represented by a series inertance-compliance combination
connected in parallel with the main pipe. The total admittance of the series
elements is given by

' where Yb = admittance in parallel with main pipe,

f = desired resonant frequency of the series inertance-compliance
combination, and

C = compliance element value.

The other two mathematical expressions are shown below:

' P
Transfer Function (dB) = =20 log, FQ , and
8

: P
Transmission Loss (dB) = -20 log..|=2| |,
10 P1
where P° = output (opposite source end) sound pressure,

Ps = gource sound pressure, and
Pi = gound pressure incident at filter input.

These pressure ratios appear in the program as functions of admittance; the
necessary expressions are given in the main text.

The accompanying flow diegram, Fig. B-l, is mostly self-explanatory. A
list of the required input parameters is given below along with several clarifying
comments.
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Each filter section represents a value of J as indicated on the diagram.
Hence, one set of parameters has the property that each parameter has not only
| its physical value but also & value of J associated with it. A second set of
: inputs is common to the whole system, e.g., frequency limits, etc. Those inputs
in this latter class are as follows:
(1) initial frequency,
(2) frequency index,
(3) final frequency,
(4) control parameter for Q.
(5) control parameter for Q»
(6) control parsmeter for Q, (1.e., max value for J), and
(7) termination admittance value (used if Q, ansver is NO).

The inputs which must possess a J subscript are as follows:

i lumped (1) control parameter for Q}’

element (2) resonant frequency of lumped-element side-branch,

/ side-
' branch (3) compliance of lumped-element side-branch,
param-
eters
distrib- (4) 1length of closed-end side-branch,
uted (5) characteristic admittance of closed-end side-branch,
element
side- (6) velocity of sound in closed-end side-branch,
branch
param-
eters
main (7) length of main pipe before next discontinuity is reached,
§i£:m- (8) characteristic admittance of this length of pipe, and
eters (9) velocity of sound in this length of pipe.

Note that re-entrant tube expansion chamber calculations are carried out
using alternative B of question QB’ Fig. B-1. Thsat is, since re-entrant tubes
result in closed-end, side-branch effects, the same mathematics applies to
both cases (See Chapter III, C, 5.).

Question Q2 exists to prevent unnecessary theoretical calculations at
frequencies other than those at which measured data were taken. For example,
if measured data are to be inserted at, say, J = 3 discontinuity, while
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theoretical computations are to be carried out at the J = 1 and 2 discontinuities,
Q2 causes these theoretical computations to be performed only at those frequencies
vhich correspond to measured data points.

Alternative D of Qj bypasses any addition of lumped admittance in parallel
vith the system because no such admittance is added when an expansion chamber
end is encountered. The characteristic admittance and velocity are changed due
t0 an entrance or exit of the chamber, and then the admittance transformation

process continues as if no discontinuity were present.
Finally, the arithmetic of the program must, of necessity, contain complex

numbers. The programmer must therefore carefully arrange the steps so that the
operations on real and imsginary quantities are appropriately separated.
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APPENDIX C

References

Listed below are reports, technical journal articles, and books that
should be helpful as sources of additional information on acoustic filters and
related subjects.

DRL Reports
1. DRL Progress Reports No. 1 through 9, Phase II, Contract NObs-66932
Report No. Date

1 1 December 1956

2 1 April 1957
3 1 July 1957

4 21 November 1957

5 7 February 1958

6 14 May 1958

7 13 August 1958

8 22 October 1958

9 28 January 1959

2. DRL Progress Reports No. 10 through 20, Phase II, Contract NObs-T77033
Report No. Date

10 21 April 1959

11 11 August 1959

12 29 October 1959

13 28 January 1960

1h 28 April 1960

15 15 August 1960 : ) -
16 29 November 1960

17 8 February 1961

18 23 May 1961
’ 19 28 July 1961
20 31 October 1961
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J. D. Gavenda, "A Study of the Feasibility of a Hydroacoustic Filter to
Attenuate Liquid-Borne Noise in Piping Systems," Defense Research laboratory
Acoustical Report No. 97, 30 November 1955.
E. E. Mikeska, "Final Report on Contract NObs-66932," 7 January 1960.
E. L. Hixson, "The Design of Acoustic Filters for Piping Systems Using
Cascaded Half Sections,” Defense Research Laboratory Acoustical Report
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J. V. Kahlbau, "Barge Tests of Flu‘d Acoustic Filters and Experimental Study
of Noise Transmission Paths," Defense Research Laboratory Acoustical Report
No. 195, 12 February 1962.
J. V. Kahlbau, "Summary Report on Contract NObs-T7033," Defense Research
Laboratory Acoustical Report No. 199, September, 1961.

Other Reports

8.

10.

11.

Don D. Davis, Jr., George M. Stokes, Dewey Moore, and George L. Stevens, Jr.,
"Theoretical and Experimental Investigation of Mufflere with Comments on
Engine Exhaust Muffler Design," NACA Report No. 1192, 1954.

0. M. Phillips, "Generation and Transmission of Sound in Liquid-filled Pipe
Systems," Hydromatics, Inc. Technical Report No. 125-1, February, 1962.

M. Hirschorn, "General Notes on the Development of a Noise Attenuating
Coupling for Liquid Lines," T. R. Finn and Company, Inc. Technical Report
on U.S. Navy Contract No. 53569.

E. J. Waller, "Fundamental Analysis of Unsteady Pressure Variations in
Pipeline Systems," Publication No. 92 of Oklahoma Engineering Experiment
Station, Stillwater, Oklahoma, 21, L4, May, 195L.

Papers Published in Technical Journals and Magazines

12,

13.

1L,

Eugen Ganitta, "Untersuchunger uber die Schalleitung in Wassergefullten
Rohren," Akustische Zeitschrift, V 5, pp. 87-102, September, 1940.

R. B. Lindsay, "The Filtration of Sound, I," J. App. Phy., 9, pp. 612-622,
October, 1938.

R. B. Lindsay, "The Filtration of Sound, II," J. App. Phy., 10, pp. 680-687,
October, 1939.
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Transmission in Piping Systems," ASHVE Trensactions, 59, p. 347, 1953.

16. W. L. Rogers, "Sound Pressure Levels and Frequencies Produced by Flow of
Water Through Pipe and Fittings," ASHVE Transactions, 60, p. 411, 195k.

17. W. L. Rogers, "Noise Production and Damping in Water Piping," Journal Section,
Heating, Piping, and Air Conditioning, January, 1956.

18, J. H. Dawson, "Through-Flow Desurger Minimizes Line Shock," Pipe Line Section,
World 0il, December, 1949,

19. E. L. Hixson, J. V. Kahlbau, and E. E. Mikeska, "Resonant Side-Branch
Acoustic Filters for Liquid Piping Systems," J. Acoust. Soc. Am. 34, 59,
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Books

20. G. W. Stewart and R. B. Lindeay, Acoustics, D. Van Nostrand Company,
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APPENDIX D

Glossary of Symbols

Upper Case Letters

acoustic compliance
modulus of elasticity
pressure reflection coefficient

v xR B Q
[ |

phasor sound pressure

P; - phasor sound pressure of a forward traveling wave
P_ - phasor sound pressure of a backward traveling wave
R - acoustic resistance

S -~ area

L. - transmission loss

=~ volume

phasor particle velocity

phasor volune velocity

total weight, acoustic power
acoustic admittance
Yo - characteristic acoustic admittance

<R Q< G o3

Z - acoustic impedance

Zo - characteristic acoustic impedance

Lower Case Letters

- gas-filled side-branch filter element parameter, pipe wall thickness
- regulated gas-filled, side-branch element parameter

-~ diameter

- frequency

acceleration due to gravity

- subseript for input; index number -

= -1

- spring stiffness

- length

X Cw M O QO P
[
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m - mass, index number

n - index number

P - static pressure

p(t) - instantaneous sound pressure

P, - initial static pressure

Ppax - amplitude of sound pressure

q - lumped, side-branch element effectiveness parameter or

closed-end tube side-branch element parameter

r - mechanical damping constant

t - time

v, = vave velocity in an infinite medium
v - wave velocity

v(t) - instantanecus particle velocity
Viax © amplitude of particle velocity

W - weight per unit volume

x - displacement

Greek Letters

- wave propagation normal mode coefficients
- phase constant

- ratio of specific heats for a gas
compressibility

- wavelength

- Poisson's ratio

D e ¥ A N D Q
]

- mass density

¢p -~ pressure phase angle

® - particle velocity phase angle
w - angular frequency
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